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Abstract 
 
As far as indoor air quality (IAQ) is concerned, there are three types of airborne 
contaminants: gaseous contaminants, particulate contaminants and biological contaminants, 
and gaseous contaminants are the smallest as well as the most common type in indoor 
environment. In literature of the past several decades, many remarkable jobs have been done 
on studying and simulating the transport behaviours of some particular gaseous contaminants 
(such as formaldehyde, carbon monoxide, VOCs, etc.) in indoor environment. The research 
area pertaining to IAQ and HVAC is quite mature in terms of the large archive of journal 
articles as well as industrial standards in many countries that have been made and revised for 
many decades. However, there are still some important issues regarding transport of gaseous 
contaminants in ventilated indoor environment that have not been fully investigated or have 
been overlooked in current literature. This thesis has aimed to identify and investigate 
unchartered waters in this research area and tries to make contributions to the knowledge base 
of IAQ & HVAC. 
This thesis has taken both theoretical and numerical approaches. As for numerical 
approach, underlying method has been validated by experimental data from literature. 
Studying on different issues pertaining to gaseous contaminants, this thesis has provided 
some insights into the common features of the transport behaviour of gaseous contaminants 
in indoor environment. Through theoretical as well as numerical approaches, this thesis has 
concluded that, as far as steady state is concerned, all gaseous contaminants could be treated 
the same way in CFD simulation with respect to their diffusivities as long as some 
ventilation/convection exists in the indoor spaces. When time is considered, the difference 
created by diffusivity could quickly disappear if certain amount of ventilation exists. 
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Moreover, as it will take time for gaseous contaminants to cumulate in indoor environment, 
this thesis has worked out a theoretical model to describe such time-dependent process, and 
then verified this formula by CFD simulations. This theoretical model leads to a demand 
control ventilation strategy for short-occupied rooms. Such strategy could significantly cut 
ventilation rate while maintain the required indoor air quality. 
This thesis has also investigated the influence of internal momentum sources (such as 
computer fans) to the transport of gaseous contaminants in ventilated indoor environment. 
Under the influence of computer fans, the indoor airflow field, temperature field and the 
concentration field of gaseous contaminants could be significantly changed. CFD simulations 
show that computer fans is an important driving force in indoor environment therefore should 
not be ignored in CFD simulations. 
Finally, considering many office rooms have no right to alter ventilation system, this 
thesis has showed examples by CFD simulations on how to adjust interior layout to achieve 
better air quality in breathing zone. This thesis has demonstrated that CFD is a powerful 
method to find optimal solution to IAQ issues. 
Results and conclusions mentioned in the above are the contributions of this thesis to 
knowledge base of this field. 
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Nomenclature 
 
 
ACH, α – Air change per hour 
β – Thermal expansivity 
C – Concentration of contaminant in kg per cubic metre 
D, Dϕ – Diffusivity 
  - Ventilation effectiveness 
g – Gravitational acceleration in metre per second square 
h – Height in metre 
J – Diffusion flux 
KB – Boltzmann constant 
M – Molar mass of molecule in gram per mole 
m – Mass in kilogram 
p – Pressure 
ρ – Density 
PD – Percentage deviation 
R – Gas constant 
S – Source term 
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T – Absolute temperature 
t – Time in second 
τ – Stress tensor 
U – Velocity vector 
   – Turbulence viscosity 
V – Volume of airflow in cubic metre 
v – Velocity 
Φ – Pollutant quantity per unit volume 
ϕ – Pollutant mass concentration. 
 
 
 
 
 
  
VIII 
 
 
 
Table of Contents 
 
Acknowledgement ……………………………………………………...……………………. I 
Abstract ……………………………………………………………………………...………. II 
Publications …………………………………..………………………………..…………… IV 
Nomenclature …………………………………………………………………...………….. VI 
Table of Contents .................................................................................................................VIII 
List of Figures ……………………………………………………………...……………… XII 
List of Tables ………………………………………………………………………..…… XVI 
 
CHAPTER 1 Introduction ……………………………………...……………………………. 1 
CHAPTER 2 Literature Review ……………………………………………………..………. 6 
2.1 Indoor air quality and airborne contaminant classifications …………..…………. 6 
2.2 Gaseous contaminants and VOCs …………………………..…………………… 9 
2.3 Carbon dioxide and body odor …………………………………………….…… 15 
2.3.1 Carbon dioxide in outdoor and indoor environments ………………… 15 
2.3.2 Human body odor: sources, causes and types ………………...……… 18 
2.3.3 Odor thresholds ……………………………………….……………… 23 
2.4 Ventilation and ASHRAE Standard 62-1 ……………………………………… 25 
2.4.1 Types of ventilation ………………………..………….……………… 25 
2.4.2 Mechanical ventilation schemes ……………………………..……….. 27 
2.4.3 Ventilation rate and ASHRAE Standard 62-1 ……………………….. 32 
IX 
 
 
 
2.4.4 Ventilation effectiveness and its influential factors ………………….. 38 
 2.5 Brief review on CFD studies about indoor air quality and  
       gaseous contaminants ……………………………………………………….…. 41 
CHAPTER 3 Methodology ……………………………….....………………………..……. 43 
3.1 Distinctive characteristics of gaseous contaminants vs. particulates ……...…… 43 
3.2 Commercial software and governing mathematical equations ………….……… 45 
3.3 Procedure of numerical studies ………………………………………………… 49 
3.4 CFD model for validation purpose ………………………………...…………… 51 
CHAPTER 4  Theoretical and numerical study on the role of diffusion 
of gaseous contaminants in indoor environment ………………..….……… 60 
4.1 Introduction ……………………………………………………………………. 60 
4.2 The role of diffusion: a simplified one dimension model for 
      gaseous contaminants in indoor environment …………………………………. 63 
4.3 CFD model of a test chamber ……………………………………..…………… 72 
4.4 Comparison of concentration contours …………………………………..…….. 76 
4.5 Percentage deviation contours ………………………………………….……… 79 
4.6 PD values for the whole room ………………………………………….……… 84 
4.7 Summarizing Remarks .………………………………………………….…….. 85 
CHAPTER 5  Theoretical and numerical study on ventilation effectiveness, 
 the time-dependent concentration function and an energy 
saving strategy……………….…………………………………..…………. 87 
5.1 Introduction …………………………………………………………….……… 87 
5.2 Mathematical model …………………………………………………………… 90 
X 
 
 
 
5.3 CFD simulation to support theoretical model ……………..…………………… 94 
 5.3.1 CFD model set-up ……………………...…………………………….. 94 
 5.3.2 CFD simulation results on ventilation effectiveness …………..…….. 97 
 5.3.3 CFD results vs. theoretical predictions …………………….…....….. 100 
5.4. An energy saving ventilation strategy for short occupied rooms 
       based on time-dependent concentration of CO2 …………………….…..…… 103 
 5.4.1 Mathematical model …………………………………..…………….. 103 
 5.4.2 Assumption of ventilation purge ……………….…………………… 105 
 5.4.3 Practical examples ………...………………………………………… 107 
 5.4.4 Some thoughts about 80% odor satisfaction rate in 
ASHRAE Standard 62-1 ………………………………………….. 109 
5.5 Summarizing Remarks ……………….……………………………….………. 112 
CHAPTER 6  Numerical study of the effects of furniture layout on indoor air quality  
under typical office ventilation schemes …………………………..……… 113 
6.1 Introduction ……………………………………………………………...……. 113 
6.2 Methodology ……………………………………………………….…………. 117 
6.3 Results and discussions ………………………………………………..……… 123 
6.3.1 Airflow fields of three sample cases …………………...…………… 123 
6.3.2 Temperature fields of three sample cases ………………..………….. 127 
6.3.3 Formaldehyde concentration fields of three sample cases ………….. 130 
6.3.4 Ventilation effectiveness of all twelve cases …………………..……. 133 
6.3.5 Future research ……………………………………………………… 137 
6.4 Summarizing Remarks ……………………………...………………...………. 137 
XI 
 
 
 
CHAPTER 7  Numerical study on the effects of computer fan on indoor airflow and  
indoor air quality in breathing zone ………………………...…………….. 139 
7.1 Introduction ………………………………………………………..…………. 139 
7.2 CFD model ……………………………………………………………………. 142 
7.3 Results and discussions ……………………………………………………….. 148 
7.3.1 Airflow fields ……………………………...……...….…………..…. 148 
7.3.2 Temperature fields ……….……..……………………….………….. 152 
7.3.3 VOC distributions ……………………………...……………...……. 154 
7.3.4 Contaminant removal effectiveness ……….…………………..…… 159 
7.3.5 Future study …………………………………………………..…….. 161 
7.4 Summarizing Remarks ……………………………….…………….………… 162 
CHAPTER 8 Conclusions and future plan ………………………………………………... 163 
REFERENCES ……………………………………………………………….……...……. 166 
 
 
  
XII 
 
 
 
List of Figures 
 
Figure 2.1 Relative sizes of common airborne contaminants ……………………..………… 7 
Figure 2.2 Increasing trend of CO2 concentration in atmosphere (NOAA, 2014) ……….... 15 
Figure 2.3 CO2 and body odor emission by human being ……………………...………….. 19 
Figure 2.4 Two types of human sweat glands (Franco, 2011) …………………...………… 21 
Figure 2.5 Strategies of natural ventilation ………………………………………………… 25 
Figure 2.6 Solar chimney: an interesting example of buoyance driven ventilation …….….. 26 
Figure 2.7 Mixing Ventilation vs. Displacement Ventilation ……………………………… 29 
Figure 2.8 Diffusers for mixing and displacement ventilation systems ……………….…… 30 
Figure 3.1 Procedure of numerical studies ………………………………………….……… 49 
Figure 3.2 Geometry of the published model for validation purpose …………………...…. 51 
Figure 3.3 Mesh of the re-built model for validation purpose ……………….…………….. 52 
Figure 3.4 Mesh independence check …………………………………………..………….. 54 
Figure 3.5 Velocity field on middle vertical plan (x=1.45m) ……………………………… 55 
Figure 3.6 Temperature field on middle vertical plan (x=1.45m) ………………………….. 55 
Figure 3.7 CO2 concentration field on middle vertical plan (x=1.45m) …………...………. 56 
Figure 3.8 Measured (Tian et al., 2010) and simulated velocity profiles at 9 positions ..….. 57 
Figure 3.9 Measured (Tian et al., 2010) and simulated temperature profiles at  
9 positions ………………………………………………………………………….. 58 
Figure 3.10 Measured (Tian et al., 2010) and simulated CO2 concentration profiles …..…. 59 
Figure 4.1 Diffusion of gaseous contaminants in static air ………………………………… 64 
XIII 
 
 
 
Figure 4.2 Concentration profiles of two gases when convection does not exist ……….…. 65 
Figure 4.3 Diffusion of gaseous contaminants in airflow ………………………………….. 66 
Figure 4.4 Concentration profile when convection exists ………………………………….. 68 
Figure 4.5 Geometry of CFD model ……………………………………………………….. 72 
Figure 4.6 Mesh of the CFD model ………………………………………………………… 74 
Figure 4.7 Comparisons of concentration contours at different time (ACH = 1.4) …...…… 76 
Figure 4.8 Identical concentration profiles at steady state …………………………………. 78 
Figure 4.9 Percentage deviation (PD) contours of two VOCs when ACH = 1.4 …………... 80 
Figure 4.10 Percentage deviation (PD) contours of two VOCs when ACH = 5.5 …..…..… 81 
Figure 4.11 Percentage deviation (PD) contour of two VOCs when ACH = 10 ……...….... 82 
Figure 5.1 An illustration of problem concerned ……………………...…………………… 90 
Figure 5.2 Average concentration of gaseous contaminant vs. time ……………………….. 93 
Figure 5.3 A typical office room under three ventilation schemes ………………...………. 94 
Figure 5.4 Mesh of model ………………………………………………………..………… 95 
Figure 5.5 Comparison of ventilation effectiveness under different conditions …………… 98 
Figure 5.6 Average concentration of VOC1/VOC2 in the room – predictions  
vs. simulations ………………………………………………………..…………… 101 
Figure 5.7 Standard ventilation rate results in waste of energy for short occupied space ... 103 
Figure 5.8 Best ventilation rate depends on actual occupancy ……………………………. 104 
Figure 5.9 Minimum air change per hour (ACH) vs. length of occupancy ……...……….. 105 
Figure 6.1 Three typical layouts of office room ………………………………….……….. 117 
Figure 6.2 Four ventilation schemes (in Layout B as examples) …………………………. 118 
Figure 6.3 Details of human model, desk, chair and computer ……………..…………….. 119 
XIV 
 
 
 
Figure 6.3.1 Mesh in 3-D view …………………………………………………………… 121 
Figure 6.4 Comparison of airflow fields on the middle vertical plan (y=1.60m) …..…….. 124 
Figure 6.5 Comparison of temperature fields on the middle vertical plan (y=1.60m) ….... 128 
Figure 6.6 Comparison of temperature fields on the breathing plan (z=1.15m) ………….. 129 
Figure 6.7 Comparison of formaldehyde concentrations on the middle vertical  
plan (y=1.6m) ……………………………………………………………………... 131 
Figure 6.8 Comparison of formaldehyde concentrations on the breathing  
plan (z=1.15m) ……………………………………………………………….....… 132 
Figure 6.9 Ventilation effectiveness of 12 cases grouped by ventilation scheme ……..….. 135 
Figure 7.1 Interior layout and configurations ……………………………...……………… 143 
Figure 7.2 Two scenarios regarding desktop computer fan ………………………………. 144 
Figure 7.3 Mesh of the model ……………………………………………….……………. 144 
Figure 7.4 Mesh independence check ………………………………….…………………. 145 
Figure 7.5 Comparison of airflow fields of the two scenarios (3D view) ………………… 150 
Figure 7.6 Comparison of airflow fields of two scenarios on breathing plane  
(z = 1.10 m) ……………………………………………………………………….. 151 
Figure 7.7 Comparison of temperature fields of the two scenarios within computer  
case plane (z = 0.75 m) ……………………………………………………………. 152 
Figure 7.8 Comparison of temperature fields of two scenarios within middle vertical  
plane (x = 2.00 m) …………………………………………………...……………. 153 
Figure 7.9 Comparison of Odour A concentration of two scenarios (3D view) …….….… 155 
Figure 7.10 Comparison of Odour A concentration within breathing plane (z =1.1 m) ….. 157 
Figure 7.11 Comparison of Odour B concentration within breathing plane (z = 1.1 m) ..... 158 
XV 
 
 
 
Figure 7.12 Comparison of formaldehyde concentration within breathing  
plane (z = 1.1 m) ………………………………………………………………..… 160 
  
XVI 
 
 
 
List of Tables 
 
Table 2.1 Some VOCs and their boiling points (Source: EPA 1996) ……………..……….. 11 
Table 2.2 Indoor sources of VOCs ……………………………………………...………….. 13 
Table 2.3 Human’s tolerance to increased atmospheric CO2 concentration ………………..18 
Table 2.4 Examples of body odor compounds (adapted from Pandey and Kim, 2011) …… 22 
Table 2.5 Minimum ventilation rates in breathing zone ………………………………...…. 36 
Table 2.6 Zone air distribution effectiveness in different situations ……………………….. 37 
Table 3.1 Boundary conditions of the validation model …………...………………………. 52 
Table 4.1 Six cases of CFD simulation ………………………………………….…………. 73 
Table 4.2 Heat loads ………………………………………………………………...……… 74 
Table 4.3 Average PD values of the whole room ………………………………….……….. 84 
Table 5.1 Six cases of CFD simulation …………………………………………….………. 94 
Table 5.2 Heat sources in the CFD model ………………………………………………….. 96 
Table 5.3 Estimations of ventilation effectiveness at steady state (t→∞) ………………… 100 
Table 6.1 Twelve cases of this study ……………………………………………………… 117 
Table 6.2 Heat sources in studied cases …………………………………………...……… 121 
Table 6.3 Ventilation effectiveness in twelve cases ……………...……………………….. 134 
Table 7.1 Heat sources in studied cases ……………………………………..……………. 146 
Table 7.2 Comparison of the parameters between two scenarios ………………...………. 149 
Table 7.3 Concentrations of Odour A, Odour B and formaldehyde at different  
locations under the two scenarios …………………………………………….…… 156
1 
 
 
 
CHAPTER 1 
Introduction 
 
It was found that people were spending more time indoors than ever with many 
spending 80% to 90% of their lifetime indoors (Gee, 2001), therefore to maintain good indoor 
air quality is a very important issue. Air pollutants/contaminants would downgrade indoor air 
quality (IAQ) and might significantly affect people’s health, comfort and workplace 
performance (Wolkoff, 2013, Franklin 2007). Some researchers (Austin et al., 2002) 
conducted a synthetic literature survey of indoor air quality and summarized that indoor air 
quality could be affected by a number of contaminants such as second-hand smoke, volatile 
organic compounds (VOCs), asbestos fibres, biological particles, radon, carbon monoxide, 
etc. Airborne contaminants can be classified into three categories: gaseous contaminants, 
particulate contaminants and biological contaminants. Gaseous contaminants is the smallest 
and most common type, which includes hundreds of volatile organic compounds (VOCs) as 
well as many inorganic gaseous contaminants. In most real indoor environment, the majority 
of indoor airborne contaminants are gaseous contaminants. This thesis will not investigate 
particulate and biological contaminants but focus on gaseous contaminants. Compared with 
other two categories of indoor air contaminants, gaseous contaminants have distinctive 
properties related to their small sizes. They are basically gases just like oxygen and nitrogen 
in the air. The molecules of gaseous contaminants have fast thermal motion speed in random 
directions. The movement of indoor gaseous contaminants are governed by convection and 
diffusion laws. 
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Indoor occupants (the people inside) are the most important sources of indoor gaseous 
contaminants. An average adult person in rest state would emit 14.8mg VOCs (body odor) 
per hour (Batterman, 1995). Other indoor sources of gaseous contaminants are machines 
(such as copy machine, coffee machine and computers), furniture, building and decoration 
materials, microorganisms, etc. While some gaseous contaminants such as monoxide and 
formaldehyde are toxic, most gaseous contaminants are nontoxic but unpleasant causing 
sensory irritations and mental distractions (Wolkoff, 2013). 
To investigate the transport of gaseous contaminants in indoor environment, 
ventilation must be involved. Ventilation is necessary to bring in fresh air from outside and to 
remove gaseous contaminants out of the room. Although many houses and rooms have 
natural ventilation system, this thesis is particularly interested in mechanical ventilation, 
which will consume energy therefore a compromise between cleaner indoor air and less 
energy consumption must be worked out. An important concept about ventilation is 
ventilation effectiveness (Rim and Novoselac, 2010), which is the ratio of the contaminant 
concentration at ventilation outlet to the average contaminant concentration in breathing 
zone. When ventilation rate is fixed according to industry standard, the greater the ventilation 
effectiveness is, the cleaner the air in breathing zone would be. Many factors may affect the 
transport pattern of gaseous contaminants therefore affect the value of ventilation 
effectiveness. The most important factor is the basic ventilation scheme. Mixing ventilation 
scheme and displacement ventilation scheme are two popular ventilation schemes that have 
been widely adopted by the industry of heating, ventilation and air conditioning (HVAC). In 
HVAC system that adopted mixing ventilation scheme, the ventilation inlet was installed on 
the ceiling, while in the case of displacement ventilation scheme in the inlet was installed 
near the ground and the outlet was set on the ceiling. It has been found by numerous studies 
in literature that displacement ventilation systems usually have higher ventilation 
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effectiveness than mixing ventilation systems. Other factors that affect ventilation 
effectiveness are the positions of inlet and outlet, the diffusor type, the position of 
contaminant source, etc. 
Many countries have set industry standards on heating, ventilation and air 
conditioning (HVAC) to ensure acceptable indoor air quality in buildings and rooms, and 
ASHRAE standard 62.1 (ASHRAE 2010) of the United States is well known among 
engineers and researchers in this area. It is suggested by ASHRAE standard 62.1 that the 
minimum ventilation rate is not only linearly related to the number of occupants but also 
related to the floor area of the space. ASHRAE standard 62.1 also recommended that indoor 
CO2 concentration should be maintained not to exceed 700 ppm above outdoor level in order 
to control the body odor level to be satisfactory to the majority of visitors. CO2 is not 
considered to be a kind of contaminant in normal situations but a convenient surrogate 
indicator of body odor (VOCs) level in indoor environment. It is much easier to monitor the 
level of CO2 than to monitor the level of VOCs directly. 
The research area pertaining to indoor air quality, airborne contaminants and 
ventilation systems has been well explored in the past century. Many researchers have done 
remarkable jobs via theoretical, experimental and numerical approaches. Numerous articles 
published in literature as well as many well established national and industrial standards have 
contributed to a huge knowledge base in this area. Therefore, it was a challenge for the author 
of this thesis to choose a research direction in this field. 
 
The aim of this thesis: Although the research area pertaining to indoor air quality, airborne 
contaminants and ventilation systems is quite mature, there are still some unchartered waters 
that need to be explored. This thesis has identified some of such areas: (i) what is the role of 
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diffusion of gaseous contaminants in indoor environment; (ii) what are the effects of indoor 
furniture layout on indoor airflow field, temperature field and gaseous contaminant 
concentration field; (iii) what are the effects of indoor momentum source on indoor airflow 
field, temperature field and gaseous contaminant concentration field; and (iv) what function 
to describe the cumulative behaviour of gaseous contaminant concentration in ventilated 
indoor environment. This thesis aims to do corresponding research to address the above 
issues. 
 
Structure of this thesis: 
 A literature review in Chapter 2 has covered important concepts and topics in 
indoor air quality, airborne contaminants and ventilation systems; 
 The numerical procedure of this thesis has been outlined in Chapter 3. Also the 
validation on numerical method has been done in this chapter. 
 In Chapter 4, the role of diffusivity of gaseous contaminants in indoor 
environment has been investigated by both theoretical and numerical approaches. 
Some important conclusion about diffusivity of gaseous contaminants has been 
found. These conclusions are very useful for CFD practices of indoor air 
problems. 
 The time dependent nature of contaminant concentration in indoor environment 
has been investigated in Chapter 5 by both theoretical and numerical approaches. 
Based on these results, an energy saving strategy for short occupied rooms has 
been proposed. 
5 
 
 
 
 As an additional influential factor to ventilation effectiveness, interior layout (or 
furniture layout) has not been fully investigated in literature. The numerical study 
in Chapter 6 has contributed to this topic. 
 The effects of computer fan (a kind of interior momentum source) on the overall 
indoor airflow field, temperature field and contaminant concentration field have 
never been mentioned in literature. The numerical study in Chapter 7 has made 
unique contribution to this topic. 
 A summary in Chapter 8 outlines findings and contributions of this thesis as well 
as topics for future research. 
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CHAPTER 2 
Literature Review 
 
2.1 Indoor air quality and airborne contaminant 
classifications 
We human beings need to breathe air to survive. Excluding about 1% water vapour, 
outdoor air in natural environment consists of nitrogen (78.08%), oxygen (20.95%), argon 
(0.93%), carbon dioxide (0.038%) and trace components (0.005%) (Mackenzie et al., 1995). 
The most common airborne contaminants are tiny dusts, which are considered to be benign in 
most normal situations. This thesis assumes that outdoor air is generally fresh and healthy. 
Outdoor air pollutions such as PM2.5 pollution is not a concern in this thesis. 
In modern era, people were spending more time indoors than ever with many 
spending 90% of their lifetime indoors (Gee, 2001), therefore to maintain good indoor air 
quality (IAQ) is a very important issue. There might be many contaminant sources in indoor 
environment, thus indoor air quality is generally considered to be inferior to outdoor air. 
Indoor airborne contaminants, though in very small amount, might significantly affect 
people’s health, comfort and workplace performance (Andersson et al. 1997; Wolkoff 2013; 
Franklin 2007). Some researchers (Austin et al., 2002) conducted a synthetic literature survey 
of indoor air quality and summarized that indoor air quality could be affected by a number of 
pollutants such as second-hand smoke, volatile organic compounds (VOCs), asbestos fibres, 
biological particles, radon, carbon monoxide, etc. According to their physical properties, 
airborne contaminants can be classified into three categories: gaseous contaminants, 
particulate contaminants and biological contaminants. Gaseous contaminants are the smallest 
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type of airborne contaminants, existing in the form of individual gas molecules. Most gaseous 
molecules have a size between               meters. Particulate contaminants are 
inanimate tiny grain of mass such as tobacco smoke, oil smoke and dust while biological 
contaminants include virus, bacteria, mould, pollen etc. The sizes of particulate and 
biological contaminants vary within a quite large range of nearly six orders of magnitude. 
Comparisons of three types of airborne contaminants in terms of their sizes are shown in 
Figure 2.1. 
 
Figure 2.1 Relative sizes of common airborne contaminants (Space Filters 2012) 
 
Due to their small sizes of molecule level, gaseous contaminants are quite different 
from other two types of contaminants in terms of transport behaviours in ventilated indoor 
environment. There is no fundamental difference between gaseous molecules and the 
surrounding air molecules. Therefore all physics laws and mathematical equations that 
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govern air molecules are also applicable to gaseous molecules. The transport of gaseous 
contaminants in indoor environment is subject to not only convection along with carrying 
airflow but also interaction/diffusion with surrounding air molecules due to molecular 
motions. On the contrary, compared with the surrounding air molecules, both particulate and 
biological contaminants are so enormous that those mathematical equations for air/gas cannot 
apply. They may suspend in the air or be carried by indoor airflow but no molecular diffusion 
can occur except very tiny Brownian motion. 
In terms of indoor air quality pertaining to human’s health and comfort, the molecules 
of gaseous contaminants can easily reach human’s lung via respiratory airways while a 
significant proportion of relatively large particulate and biological contaminants may be 
stopped by nasal cavity. Moreover, most gaseous contaminants may have chemical reaction 
with cells on the mucous membrane thus cause the sense of smell while most particulate or 
biological contaminants may have no significant smell. 
Although particulate and biological contaminants have been hot topics in recent years 
regarding indoor air quality, they will not be studied here. This thesis will focus on some 
gaseous contaminants in ventilated indoor environment. 
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2.2 Gaseous contaminants and VOCs 
As mentioned in the above, gaseous contaminants exist in the form of molecules. At 
molecular level, gaseous contaminants can be further classified into two sub-categories: 
inorganic gaseous contaminants and volatile organic compounds (VOCs). Inorganic 
compounds are generally defined as those molecules that lack carbon atom while organic 
compounds contain carbon bonds in which at least one carbon atom is covalently linked to an 
atom of another type (commonly hydrogen, oxygen, or nitrogen). However, a few compounds 
that contain carbon are traditionally considered inorganic, for example, carbon monoxide, 
carbon dioxide, carbonates, etc. The total number of possible gaseous contaminants in indoor 
environment was found to be more than five hundreds (Mirkhani et al. 2012) while the total 
concentration of these gaseous contaminants in indoor air is usually very small (in most cases 
less than 1 milligram per cubic metre). 
Many inorganic gaseous contaminants in indoor environment may cause health and/or 
comfort issues. For example, carbon monoxide (CO) is considered toxic even fatal; it 
combines with hemoglobin to produce carboxyhemoglobin, which usurps the space in 
hemoglobin that normally carries oxygen, but is ineffective for delivering oxygen to bodily 
tissues. Concentrations as low as 667 ppm may cause up to 50% of the body's hemoglobin to 
convert to carboxyhemoglobin (Tikuisis et al., 1992). A level of 50% carboxyhemoglobin 
may result in seizure, coma, and fatality. In indoor environment, carbon monoxide could be 
produced by malfunctioning fuel-burning appliances such as furnaces, ranges, water heaters, 
and gas and kerosene room heaters; engine-powered equipment such as portable generators; 
fireplaces; and charcoal that is burned in homes and other enclosed spaces. Hydrogen 
sulphide, which often results from the bacterial breakdown of organic matter in the absence 
of oxygen, is also considered a broad-spectrum poison, meaning that it can poison several 
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different systems in the body, although the nervous system is most affected. The toxicity of 
H2S is comparable with that of carbon monoxide. It forms a complex bond with iron in the 
mitochondrial cytochrome enzymes, thus preventing cellular respiration (Lindenmann et al., 
2010). 
In normal indoor environment, however, gaseous contaminants are predominantly 
VOCs while inorganic gaseous contaminants such as CO and H2S are very rare or hard to be 
detected. That is why the term VOCs is more frequently mentioned in literature than the term 
“gaseous contaminants”. 
Diverse but similar definitions of the term VOC are in use. For example, as cited in 
ISO 16000-6, WHO defined VOC as any organic compound whose boiling point is in the 
range from 50 °C to 240 °C corresponding to having saturation vapour pressures at 25 °C 
greater than 100 kPa. The European Parliament and of the Council (2004) defined VOC as 
any organic compound having an initial boiling point less than or equal to 250 °C (482 °F) 
measured at a standard atmospheric pressure of 101.3 kPa. Art (1993) pointed out that most 
VOCs have a boiling point less than 100 °C. Anyway, VOCs are carbon-base organic 
chemicals that have a low boiling point thus have a high vapour pressure at ordinary room 
temperature, causing a large number of molecules to evaporate from the liquid or solid form 
of the compound and enter the indoor air. Formaldehyde (HCHO) is one of the smallest 
VOCs, which evaporates from paint and has a boiling point of only –19 °C. Table 2.1 shows 
some VOCs with their boiling points. 
There are at least hundreds of possible VOCs in indoor environment (Berglund et al. 
1986). In 2008 Ontario's Ministry of Environment released a list of 455 VOCs. Mirkhani et 
al. (2012) compiled a list of more than 500 VOCs. It was claimed that the total number of 
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possible VOCs would be more than one thousand. Those VOCs listed in Table 2.1 are just 
some common examples. 
 
Table 2.1 Some VOCs and their boiling points (Source: EPA 1996) 
Compound Boiling point (oC) 
Chloromethane -24.2 
Formaldehyde -19 
Vinyl Chloride -13 
1,3-butadiene -4 
Bromomethane 4 
Chloroethane 12 
Methylene chloride 40 
Acetone 56 
Acrylonitrile 77 
Benzene 80 
Toluene 111 
Ethylbenzene 136 
Xylene 140 
Styrene 145 
Ethylene glycol 197 
 
 
Many VOCs are toxic and/or annoying with unpleasant smell. For example, 
formaldehyde (HCHO) is considered highly toxic, allergenic, and carcinogenic. At a 
concentration as low as 0.3 ppm in air, formaldehyde can irritate the eyes and mucous 
membranes, causing headaches, a burning sensation in the throat, and breathing difficulty, 
and can trigger or aggravate asthma symptoms (Isabelle Lang et al., 2008). IARC classified 
formaldehyde as a known human carcinogen (IARC 2006) associated with nasal sinus cancer 
and nasopharyngeal cancer. Moreover, a study of Chinese women found abnormal menstrual 
cycles in 70% of the women occupationally exposed to formaldehyde compared to only 17% 
in the control group (Tang et al., 2009). Occupational exposure to formaldehyde by inhalation 
is mainly from three types of sources: thermal or chemical decomposition of formaldehyde-
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based resins, formaldehyde emission from aqueous solutions (for example, embalming 
fluids), and the production of formaldehyde resulting from the combustion of a variety of 
organic compounds (for example, exhaust gases). In the residential environment, 
formaldehyde exposure comes from a number of different routes; formaldehyde can off-gas 
from wood products, such as plywood or particle board, but it is produced by paints, 
varnishes, and floor finishes. Another notorious VOC is benzene, which increases the risk of 
cancer and other illnesses. Substantial quantities of epidemiologic, clinical, and laboratory 
data link benzene to aplastic anemia, acute leukemia, and bone marrow abnormalities 
(Barton, 2014; Sarma et al., 2011). In the residential environment, vapors from products that 
contain benzene, such as glues, paints, furniture wax, and detergents, can be a source of 
exposure. Many other VOCs such as those compounds in human body odor may not be 
reported as highly toxic like formaldehyde and benzene, but may have unpleasant smell and 
significantly affect people’s comfort and workplace performance (Wolkoff, 2013, Franklin 
2007). 
Many products and items in residential or commercial spaces may release or “off-gas” 
VOCs. Possible indoor sources of VOCs are summarized by Table 2.2. 
Although there are so many possible indoor sources of VOCs, Biological entities 
(particularly we human beings), are regarded as the most important sources in terms of 
regularity and quantity. New building materials may release VOCs, but the emission rate will 
decline very quickly over time. For old houses, the emissions of VOCs from building 
materials are almost negligible. An appliance or personal care product might release VOCs 
only when it is in use; the quantity is usually very tiny and the rate declines over time. We 
human beings, however, release VOCs in the form of body odor at a rate of 14.8 mg per hour 
per person (Batterman and Peng, 1995). This is a regular source in a significant quantity. This 
issue will be discussed in details in the following sections. 
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Table 2.2 Indoor sources of VOCs 
 
Type of VOCs sources 
 
Examples 
 
Building Materials 
 
 
Carpets and adhesives, composite wood products, 
paints, sealing caulks, solvents, upholstery fabrics, 
varnishes, vinyl floors, etc. 
 
Appliances and Personal 
Care Products 
 
 
Air fresheners, air cleaners that produce ozone, 
cleaning and disinfecting chemicals, coffee 
machine, computers, copy machine, cosmetics, 
food cooked or being cocked, fuel oil, gasoline, 
moth balls, oven, printer, refrigerator, stove, 
toaster, vehicle exhaust running a car in an 
attached garage, etc. 
 
Biological entities 
 
Occupants, pets, bacteria, indoor plants, etc. 
 
 
Expensive and sophisticate equipment called Gas chromatography–mass spectrometry 
detector (GC-MS) can be used to detect volatile organic compounds. As the concentration of 
VOCs is very small, a purge and trap (P&T) concentrator system may be used to introduce 
samples. However, it is still very difficult to identify and quantify hundreds of different 
VOCs one by one. To simplify this issue, a concept called “Total VOCs” or TVOCs was 
proposed as a collective description of all VOCs in indoor environment. The history of this 
term could be traced back to at least early 1990’s (Wolkoff, 1991). A TVOC detector that is 
based on principle of photoionization is much smaller than a GC-MS device because it does 
not intend to identify specific compounds but try to estimate the general concentration level 
of TVOCs. Please note that a TVOC value by detectors is an estimated value that is not 
simply the sum of the volatile organic compounds detected in an analysis; the value includes 
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all of the indistinguishable “chemical noise” as well as the recognizable compounds. A 
procedure was proposed to guide the estimation (Mølhave et al., 1997). A high TVOC value 
may result from a high level on one single compound or it may be a vast collection of low 
compound levels from a chemical “soup”, or it may be anything in between. 
Seifert (1990) made the first notable attempt to provide some guidelines for indoor 
TVOCs by proposing that TVOCs should not exceed 0.3 mg m
-3
 and no individual compound 
should have a concentration greater than 10% of TVOCs. Some countries had set official 
guidelines for indoor TVOCs. The United States has a value of 0.2 mg m
-3 
(USA EPA, 1996) 
while Australia set at 0.5 mg m
-3
 (NHMRC, 1993). German Federal Environment Agency 
proposed a tiered series of recommendations in 2007. Their Level 2 ranges from 300 to 1000 
μg/m3 and indicates no “relevant health-related concerns”, while Level 3 ranges from 1000 to 
3000 μg/m3 and indicates “some objections and distinct health issues” (Salthammer, 2011). 
Anyway, the concentration of TVOCs in a normal indoor environment is very low with order 
of magnitude around 1 mg/m
3
. 
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2.3 Carbon dioxide and body odor 
2.3.1 Carbon dioxide in outdoor and indoor environments 
In terms of its proportion in atmosphere (0.038%), carbon dioxide (CO2) ranks 5
th
 
behind nitrogen (78.08%), oxygen (20.95%), water vapour (1%) and argon (0.93%). The 
amount of carbon dioxide in atmosphere has kept on increasing since the beginning of the age 
of industrialization because people have been burning more and more fossil fuel along with 
the development of human civilization (Lashof & Tirpak, 1990). The increasing trend has 
been accelerating since 1960 (Figure 2.2). The density of CO2 near ground level nowadays is 
about 400 ppm by volume, or 0.78g/m
3
 in air (NOAA, 2014).  
 
Figure 2.2 Increasing trend of CO2 concentration in atmosphere (NOAA, 2014) 
 
It is well known that carbon dioxide is one of major greenhouse gases in atmosphere. 
The greenhouse effect is a process by which thermal radiation from a planetary surface is 
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absorbed by atmospheric greenhouse gases, and is re-radiated in all directions. Since part of 
this re-radiation is back towards the surface and the lower atmosphere, it results in an 
elevation of the average surface temperature. Carbon dioxide plays a significant role in 
creating the relatively warm temperature that the lives on the planet enjoy. However, the 
continuously increasing amount of carbon dioxide in the atmosphere has become a serious 
concern in recent decades as the earth has become warmer and warmer. Joint efforts have 
been called among international community in order to control the release of CO2 into 
atmosphere. 
In indoor environment, the CO2 concentration levels are much higher than outdoor 
level due to human activities. You et al (2012) conducted a series of measurements in 
different places in campus and found that CO2 concentration could be 812~5346 ppm in 
classrooms, 612~2466 ppm in dormitories and 762~3946 ppm in meeting rooms. The average 
CO2 levels at the shopping malls could range from 500 to 2300 ppm (Li et al, 2001) while it 
could be 485 ~ 1329 ppm in office buildings (Zweers et al. 1992). In residential homes, this 
figure could be from 450 to 1540 depending on what combustion sources those homes used 
(Semple et al., 2012). 
There are several possible sources that contribute to the increase of CO2 concentration 
in indoor environment with respect to outdoor level. Kitchen and fireplace could be important 
contributors of CO2 concentration due to combustion of gas and fuels. Li et al (2012) 
measured CO2 concentration in residential houses before and during cooking time and found 
that maximum CO2 concentration could triple in cooking area and increase by about 30% in 
the rest of the house. However, people only cook for a short period of time therefore the total 
contribution of CO2 by cooking may not be very significant. 
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Indoor plants at night time are also possible sources. However, the largest sources are 
our human beings. It has been found that an average person at rest would exhale about 35.6 
grams of carbon dioxide per hour (Batterman and Peng, 1995). If a person is doing exercises 
indoor, CO2 exhalation could increase by 10 times as much as that in resting state. Suppose 
an average person is sitting in a room with sizes of            and no ventilation. 
After 2 hours the CO2 concentration would increase by 1.59 g/m
3
, or 820 ppm. This level has 
passed the red line in ASHRAE standard 62.1 (ASHRAE 2010), which suggests that indoor 
CO2 concentration maintain below 700 ppm plus outdoor level. As CO2 concentration of 
outdoor level nowadays is about 400 ppm, therefore indoor CO2 concentration should 
maintain below 1100 ppm in total according to AS ASHRAE standard 62.1. 
However, there might be a misunderstanding that CO2 itself is a kind of gaseous 
contaminants. It is not the case. Not only CO2 is odourless, but also we human beings can 
tolerate high concentration of carbon dioxide for a significantly long period of time. 
According to the research by Lambertsen (1971), human beings can tolerate 10,000 ppm of 
CO2 for duration of lifetime, 25,000 ppm for duration of more than one month, and 40,000 
ppm for about one week. Details of Lambertsen’s research are summarised by Table 2.3. As 
CO2 concentration in ventilated indoor environment is unlikely to exceed 3000 ppm, CO2 
should not be a kind of contaminants to human’s health and comfort. 
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Table 2.3 Human’s tolerance to increased atmospheric CO2 concentration 
(Lambertsen, 1971) 
CO2 in 
inspired air 
(ppm) 
Expected tolerance for useful activity on continued exposure to elevated 
CO2 
Duration Major limitation 
400 lifetime normal atmosphere 
5,000 lifetime 
no detectable limitations 
10,000 lifetime 
15,000 > 1 month 
mild respiratory stimulation 20,000 > 1 month 
25,000 > 1 month 
30,000 > 1 month 
moderate respiratory stimulation 
35,000 > 1 week 
40,000 > 1 week moderate respiratory stimulation, exaggerated respiratory response 
to exercise 45,000 > 8 hours 
50,000 > 4 hours prominent respiratory stimulus, exaggerated respiratory response 
to exercise 55,000 > 1 hours 
60,000 > 0.5 hours 
prominent respiratory stimulus, exaggerated respiratory response 
to exercise, beginnings of mental confusion 65,000 
> 0.25 
hours 
70,000 > 0.1 hours limitation by dyspnea and mental confusion 
 
 
 
2.3.2 Human body odor: sources, causes and types 
Now that CO2 is not a threat to human beings in normal situations, why ASHRAE set 
standard to control the concentration of CO2 to such a low level (i.e. 700 ppm plus outdoor 
level)? Actually the aforementioned ASHRAE standard is not to control CO2 itself but to 
control body odor VOCs that are associated with CO2 exhalation of human beings. An 
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average person at rest would exhale about 35.6 grams of carbon dioxide per hour, and in the 
same time release 14.8 mg body odor VOCs (Batterman and Peng, 1995). Such quantitative 
relationship is illustrated in Figure 2.3. 
 
 
Figure 2.3 CO2 and body odor emission by human being 
 
High concentration of body odor might cause health and comfort issues thus needs to 
be monitored and controlled. However, as the concentration of VOCs in normal indoor 
spaces is very low, devices need to be very sensitive otherwise the coefficient of variation 
would be too high thus no accurate result can be obtained. Moreover, VOCs monitoring 
devices such as GC-MS detectors and TVOC monitors are very expensive therefore it is 
unrealistic to install such devices in most buildings. 
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In practice, CO2 has been used as a surrogate indicator of body odor level via the 
above quantitative relationship. As CO2 concentration in normal indoor environment is about 
2400 times more than body odor concentration, accurate monitoring is much easier. 
Moreover, CO2 sensors are much cheaper than VOCs monitors therefore have been widely 
installed in many buildings. The industry doesn’t monitor body odor directly but monitor CO2 
level, and then converted to body odor level via their quantitative association. 
Body odor is present in animals and human beings, and its intensity can be influenced 
by many factors such as behavioural patterns, genetic reasons, various diseases, 
psychological conditions, etc. For animals, body odor could be an evolutional survival 
strategy.  In many human cultures body odor is regarded as an unpleasant odor. 
For our human beings, the formation of body odor is mainly caused by skin glands 
excretions and bacterial activity (Lundström and Olsson, 2010). Humans have two types of 
sweat glands:  eccrine glands and apocrine glands (Figure 2.4). Eccrine glands, which already 
exist at birth, cover most of the body and produce sweat primarily consisting of electrolytes 
and water, which cools the body when it evaporates from the skin. Apocrine glands are found 
in the groin, hands, feet and armpits. This type of glands produces sweat that contains 
proteins and fatty acids, which makes the perspiration thicker and milky or yellowish in 
color. This is where the sweat stains on light-colored shirts come from. While eccrine glands 
are activated as part of the body's cooling system, apocrine glands can produce sweat when 
the body is experiencing anxiety, nervousness or stress (Franco, 2011). 
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Figure 2.4 Two types of human sweat glands (Franco, 2011) 
When it first emerges on our skin, sweat is just a fluid without an odor. However, the 
bacteria on our bodies are particularly attracted to the proteins in apocrine sweat which they 
eat, digest and expel as highly-aromatic fatty acids. These include the notorious (E)-3-
methyl-2-hexenoic acid. The process typically takes about an hour (Franco, 2011). In 
summary, apocrine glands of human beings provide “odourless foods” (i.e. proteins and fats) 
to bacteria, and bacteria decompose these foods into odorous unsaturated or hydroxylated 
branched fatty acids that evaporate into the air. Any part of skin that secretes protein and fat 
will attract bacteria thus can emit body odor. 
Our apocrine glands do not become active until we reach puberty, which is why 
babies smell sweet -- teenagers, not so much. Body odor is also related with race. East Asians 
(Chinese, Koreans, and Japanese) have fewer apocrine sweat glands compared to people of 
other descent, and the lack of these glands make East Asians less prone to body odor 
(Stoddart, 1990). 
However, skin is just one of the sources of human body odor. Odor could be from oral 
cavities, namely mouth and nostril. Interest in breath analysis for clinical purposes has 
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increased in recent years. Approximately 90% of oral malodor is thought to originate from 
the oral cavity, with the remaining 10% originating from distal points in the digestive and 
respiratory systems (Feller and Blignaut, 2005). Evaluation of breath samples is proposed as 
the least invasive method for clinical diagnosis and disease-state monitoring (Whittle et al. 
2007). Moreover, human excretions are also source of odor and might create nuisance in 
indoor environment. The odor profile of human urine, although not as potent as such 
traditional analysis, is also likely to offer a diagnostic measure for many types of health 
disorder. 
The number of body odor components from difference places in human body exceeds 
one thousand (Pandey and Kim, 2011), and some of them are listed in Table 2.4. 
Table 2.4 Examples of body odor compounds (adapted from Pandey and Kim, 2011) 
Part of body Examples of Compounds 
Human skin Lactic acid, aliphaticfatty acids, butanal, 3-methylbutanal, 2-
methylbutanal, pentanal, hexanal, heptanal, octanal, 
phenylacetaldehyde, nonanal, decanal, andundecanal. 
Foot Acetic acid, butyric acid, isobutyric acid, isovaleric acid, propionic 
acid, valeric acid, and isocaproic acid 
Human hair and scalp Alkanes, alkenes, alcohols, aldehydes, ketones, acids, and 3’-
lactone 
 
Human axillary sweat 
and sebum 
Esters (ethyl-2-methylpropanoate and ethylbutanoate), ketones(1-
hexen-3-one and 1-octen-3-one) and, particularly, aldehydes[(Z)-4-
heptenal, octanal, (E)-2-octenal, methional, (Z)-2-nonenal, (E,Z)-
2,6-nonadienal, (E,Z)-2,4-nonadienal, (E,E)-2,4-decadienal, and 4 
methoxybenzaldehyde] 
 
Breath (mouth air) 
Acetone,  isoprene, ammonia, ethanol, acetaldehyde, ethylene,  
trimethyl amine, RSCs (carbonyl sulfide, hydrogen sulfide, 
methane thiol, and dimethyl sulfide), Saturated VOCs up to C14 + 
unsaturated C7–C10 + ketomonocarboxylic acids (C6-C10) + 
aldehydes 
Urine 2-butanone, 2-pentanone, 4-heptanone, dimethyl disulfide, alkyl 
furans, pyrrole, carvone, benzaldehyde, p-cresol, phenol, trimethyl 
amine, 3-hydrobutyric acid and acetone 
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2.3.3 Odor thresholds 
Human olfaction is a complicated issue involving many scientific areas such as 
physiology, neurochemistry, psychology, etc. The sense of smell is mediated by specialized 
sensory cells called olfactory receptors on the nasal cavity of vertebrates. When the 
molecules of body odor components bind the olfactory receptors, signals are generated by 
neurochemistry and pass to the brain to create odor perception (Leon and Johnson, 2003). 
Different odor compounds have different abilities to create odor perception, and the concept 
“odor threshold” (usually means “odor detection threshold”) was proposed to measure such 
ability. Odor (detection) threshold is the concentration at which 50% of a human panel can 
identify the presence of an odor without characterizing the stimulus (Nicell, 2003). Another 
concept called “odor recognition threshold” is the concentration at which 50% of the panel 
can identify the odor (Elsner 2001). For the same VOCs compound, the odor recognition 
threshold is usually ten times as much as odor detection threshold. The odor thresholds of 
hundreds of VOCs have been obtained through olfactory experiments, most of which were 
following ASTM 1991 Method E 679-91. Some compounds have extremely low odor 
thresholds while others may have relatively much higher odor thresholds. The difference 
between the low odor threshold and the high odor threshold can be nine orders of magnitude. 
For examples, the odor threshold of trimethyl phosphite is 0.00010 ppm while ethane is 120 
000 ppm (Amoore and Hautala 1983). Therefore, human perception of body odor tends to be 
more influenced by the existence of particular low-threshold components than by the overall 
concentration of all body odor components. 
The definitions of odor thresholds based on 50% detection or recognition rate of 
human panel reflect the fact that there are individual variations among population in terms of 
the ability to detect or recognise smell. Some people are sensitive to an odor compound while 
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others may not very sensitive. The 50% detection or recognition rate is a fair and reasonable 
standard. 
In summary of this section, human beings release both carbon dioxide and body odor 
VOCs. Although the emission rate of carbon dioxide by human beings is about two thousand 
times more than that of body odor VOCs, carbon dioxide itself is not threat to human health 
and comfort in normal indoor situations. Due to very low concentration of body odor VOCs 
and expensiveness of VOCs detecting devices, people do not directly monitor the 
concentration level of body odor VOCs but to monitor carbon dioxide instead. Carbon 
dioxide concentration level has been used as a surrogate indicator of body odor level. 
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2.4 Ventilation and ASHRAE Standard 62-1 
2.4.1 Types of ventilation 
The approach to maintain indoor air quality is not to remove airborne contaminants 
directly; instead, the contaminated indoor air is gradually replaced by outdoor fresh air 
through either natural ventilation or mechanical/forced ventilation. 
Natural ventilation is the process of supplying and removing air through an indoor 
space without using fans or other mechanical systems. It refers to the flow of outdoor air into 
an indoor space as a result of pressure or temperature differences. The advantages of natural 
ventilation are: (1) no complicated HVAC (heating, ventilating, and air conditioning) system 
and (2) basically no operation cost. However, there are also some disadvantages of natural 
ventilation: (1) significant energy loss in winter; (2) the quality of air it introduces in 
buildings may be polluted for example due to proximity to an urban or industrial area. Some 
strategies of natural ventilation are shown in Figure 2.5. 
 
Figure 2.5 Strategies of natural ventilation (WSA, 2014) 
There are two categories of natural ventilation occurring in buildings: wind driven 
ventilation and buoyancy-driven ventilation. While wind is the main mechanism of wind 
driven ventilation, the directional buoyancy force that results from temperature differences 
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between the interior and exterior facilitates buoyancy-driven ventilation (Linden, 1999). 
Wind driven ventilation is the simplest, cheapest and most common type of natural 
ventilation since beginning of human civilization. Wind through the windows will supply 
fresh air and remove contaminant air with no cost. However, wind driven ventilation has 
some disadvantages such as unstable and unpredictable; strong draught may cause 
discomfort. On the contrary, buoyancy driven ventilation could provide stable airflow 
compared to wind. Solar energy could be utilised to create temperature difference and 
facilitate buoyancy driven ventilation (Afonso et al. 2000). Solar chimney shown in Figure 
2.6 is an interesting example. However, there are also some limitations for buoyancy driven 
ventilation such as (1) lower magnitude compared to wind ventilation, (2) relies on 
temperature differences which might not easy to maintain the whole day, (3) design 
restrictions on height or location of apertures and may incur extra costs on ventilator stacks, 
taller spaces, etc. (Linden, 1999).  
 
Figure 2.6 Solar chimney: an interesting example of buoyance driven ventilation (Solar 
Innovations, Inc, 2011) 
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Mechanical ventilation, or called forced ventilation, is the process of exchanging air 
to the outside as well as circulating air within the building via mechanical systems, and is an 
integral element in HVAC (heating, ventilating, and air conditioning) system with a goal to 
provide thermal comfort and acceptable indoor air quality. The advantage of mechanical 
ventilation (combined with other HVAC elements) over natural ventilation is controllability: 
temperature, humidity, air quality and ventilation rate could be controlled to optimal levels, 
particularly in extreme weather conditions. The disadvantage is energy consumption. In many 
indoor spaces within large buildings or at underground levels, natural ventilation is not 
practicable thus mechanical ventilation is usually the only choice. 
The HVAC industry has become a worldwide enterprise, with roles including 
operation and maintenance, system design and construction, equipment manufacturing and 
sales, and in education and research. The HVAC industry was historically regulated by the 
manufacturers of HVAC equipment, but regulating and standards organizations such as 
HARDI, ASHRAE, SMACNA, ACCA, Uniform Mechanical Code, International Mechanical 
Code, and AMCA have been established to support the industry and encourage high 
standards and achievement. 
 
2.4.2 Mechanical ventilation schemes 
Mechanical ventilation in HVAC system involves install inlets and outlets (exhausts) 
in ceiling, wall or floor of indoor spaces. With respect to the positions of inlets as well as 
outlets, mechanical ventilation systems can be further classified into four basic schemes: 
mixing ventilation, displacement ventilation, personalised ventilation and stratum ventilation 
(Lin et al. 2009). 
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Mixing ventilation systems work with air inlets that are usually installed in the ceiling 
of the room or at ceiling height. Outlets can be installed either in the ceiling of the room or at 
the low part of the door. The target of mixing ventilation systems is to diffuse the supply air 
well into the space so that the thermal conditions and eventual contaminant concentrations 
are uniform either in the entire space or in a specific zone of the space (e.g., the occupied 
zone). To achieve this target, multiple inlets are usually installed in different locations on the 
ceiling with calculated distances between them. The advantages of the mixing ventilation are 
easier installation, greater freedom with regard to interior decoration/layout and equally good 
air quality in all places. Mixing ventilation is the most common ventilation scheme in 
commercial buildings and industrial facilities. 
Displacement ventilation systems work with air inlets (usually cover grids) that are 
installed in the bottom area of the room, wall or floor while the exhaust air outlets are located 
on the ceiling or upper parts of the wall. The unnoticeably conditioned cool air spreads like a 
lake on the floor, heats up and rises upwards, where it is extracted. This ventilation scheme is 
particularly suited for draft-free ventilation of indoor spaces due to the low air speeds. 
Another repeatedly cited advantage of displacement ventilation is the superior indoor air 
quality achieved with exhausting contaminated air out of the room. Unlike mixing 
ventilation, displacement ventilation provides cooler clean air from the lower part of the room 
and removes contaminants created by heat sources in the room from ceiling height, thus less 
mixing effects between clean air and contaminated air, resulting in an improved air quality 
(Chen and Glicksman 1999). Studies have also demonstrated that displacement ventilation 
may save energy as compared to standard mixing ventilation, depending on the use type of 
the building, design/massing/orientation, and other factors (Chen and Glicksman 1999). 
However, displacement ventilation has some limitations as follows: (1) Space 
limitations: displacement ventilation is best suited for taller spaces (higher than 3 meters) in 
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which large airflows are required for air quality purposes (REHVA, 2002); (2) Conditioning 
type: due to the unique properties of thermal stratification, displacement ventilation is 
typically used for cooling rather than for heating; (3) Thermal comfort: displacement 
ventilation can be a cause of discomfort due to large vertical temperature differences; and (4) 
interior decoration/layout limitation: furniture should not block the inlet of displacement 
ventilation system. A comparison of mixing and displacement ventilation schemes and 
schemes are illustrated in Future 2.7. 
 
Figure 2.7 Mixing Ventilation vs. Displacement Ventilation 
 
Displacement ventilation systems are not as common as mixing ventilation systems in 
commercial buildings and industrial facilities. Displacement ventilation was first applied in 
an industrial building in Scandinavia in 1978, and has frequently been used in similar 
applications as well as office spaces throughout Scandinavia since that time (Chen and 
Glicksman 1999). By 1989, it was estimated that displacement ventilation comprised the 50% 
in industrial applications and 25% in offices within Nordic countries (Svensson, 1989). 
Applications in the United States have not been as widespread as in Scandinavia. Some 
research has been done to assess the practicality of this application in US markets due to 
different typical space designs (Chen and Glicksman 1999) and application in hot and humid 
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climates (Livchak and Nall, 2001) as well as research to assess the potential indoor 
environmental quality and energy-saving benefits of this strategy in the US and elsewhere. 
Diffusers play an important role in mechanical ventilation systems. In mixing ventilation 
schemes, diffusers would guide the air to spread out near the ceiling instead of directly flow 
downward to the ground or on occupants’ head. On the contrary, diffusers in displacement 
ventilation schemes would guide the air to smoothly spread out near the ground. Various 
directional diffusers can be selected for mixing ventilation systems while many linear grills 
can be chosen for displacement ventilation systems. Examples are shown in Figure 2.8.  
 
Figure 2.8 Diffusers for mixing and displacement ventilation systems 
 
Besides mixing and displacement ventilation schemes, personalized ventilation and 
stratum ventilation were also mentioned in literature. The main idea of personalized 
ventilation is to provide clean and cool air close to each occupant. The supply air terminal 
devices used for personalized ventilation are located close to the breathing zone of occupants, 
allowing control of airflow rate and some of them for control of flow direction (Melikov, 
2004). Personalized ventilation can improve occupants’ thermal comfort, improve air quality 
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in breathing zone, decrease sick building symptoms, and reduce the risk of transmission of 
contagion between occupants. However in order to perform efficiently in practice, the design 
(air distribution, control, etc.) has to be carefully considered together with type of occupant 
activity (occupancy rate, occupied density, etc.) (Melikov, 2004). Due to the complexity of 
design and installation, personalized ventilation systems are not very common. It was found 
that personalized ventilation systems have been applied in some theatres, vehicle cabins and a 
few office buildings with underfloor ventilation (Melikov, 2004). 
Stratum ventilation systems install air inlets and outlets on the wall(s) with the height 
of inlets at breathing zone, therefore the air is supplied directly into the breathing zone. The 
rationale behind stratum ventilation is that the indoor air quality and thermal comfort are 
unimportant beyond the occupied zone. In addition, the indoor air quality below the breathing 
zone is not important (Lin 2014). The occupants get the benefit of good indoor air quality by 
staying within the air supply streams and gaining more exposure to the fresh air. The age of 
air is younger and the CO2 concentration is lower compared with conventional air 
distributions (Lin et al. 2012, Tian et al. 2010 and 2011). A simulation of the year-round 
electric energy consumption of a typical office, a typical retail shop and a typical classroom 
in Hong Kong shows that stratum ventilation provides a significant amount of energy savings 
up to 40.43% less than mixing ventilation and 20.15% less than displacement ventilation (Lin 
et al. 2011, Lee et al. 2013). It was claimed that stratum ventilation is an innovative air 
distribution design concept while being old technology that requires only existing 
components, minimizing the risk of failure (Lin 2014). It was also claimed that stratum 
ventilation has lower initial costs, operational costs, and a smaller life-cycle carbon footprint 
(Lin 2014). Despite all the advantages claimed by some researchers, stratum ventilation 
systems are rarely seen in commercial and industrial buildings. 
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2.4.3 Ventilation rate and ASHRAE Standard 62-1 
Ventilation should be maintained at certain magnitude to ensure adequate fresh air 
being supplied into indoor spaces and contaminated air being removed quickly. Various 
measures are used to describe ventilation rate:  
 Volumetric flow rate: Ventilation and air infiltration is commonly expressed in 
terms of a volumetric air flow rate e.g. litres/s (l/s) or m³/s. 
 Per occupant air flow rate: Sometimes the volumetric flow rate is divided by the 
number of occupants in a space to give a flow rate for each occupant. This is 
commonly expressed in terms of litres/second for each occupant, i.e. l/s.p. 
 Unit area flow rate: Alternatively, the air flow rate may be divided by the floor 
area of an enclosure to give a unit area value, i.e. litres/second.m². 
 Air change per hour: Air flow is also often expressed in terms of hourly ‘air 
change rate’ (ACH). This is the volume flow rate of air into an enclosure (e.g. a 
room or the entire building) divided by the room (or building) volume. 
 Mass flow rate: Sometimes air flow rate is expressed in terms of the mass flow 
rate of air, e.g. kg/s. Mass flow is needed to determine the thermal energy carried 
by the air stream. It is also widely used in ventilation and air flow calculation 
techniques. 
For houses with wind driven natural ventilation in Mediterranean coastal zones, air 
change per hour (ACH) could easily reach high level of 25 in the daytime and 10 in the 
evening; as the comfort in building is related to the airflow, it is necessary to be able to 
control it by reducing the window opening (Faggianelli et al., 2014). In case of buoyancy 
driven natural ventilation such as houses with solar chimney design, research shows that 
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ACH could reach 18 under optimal weather conditions (Lal 2014). For houses with 
mechanical ventilation systems, the ventilation rate can be precisely controlled. A question 
arises: How much ventilation rate is necessary to maintain indoor air quality? 
The answer to this question has been under evolution over the past centuries. 
According to John E. Janssen’s article, The History of Ventilation and Temperature Control, 
(Janssen, 1999), researchers debated on what constitutes bad air, oxygen depletion or excess 
carbon dioxide? In 1862, Pettenkofer concluded that neither oxygen nor carbon dioxide were 
responsible for bad air. Rather, biological contaminants were responsible for vitiation of the 
air. Together with some other researchers, Pettenkofer believed that CO2 was a useful 
surrogate for vitiated air (Klauss et al., 1970). According to Klaus (1970), a Cornish mining 
engineer, T.Tredgold (1836) published the first estimate of the minimum quantity of 
ventilating air needed: about 4 cfm (2 L/s). This calculation, based on satisfying metabolic 
needs, was too low according to today’s standard because it didn’t consider occupants’ 
comfort (Janssen, 1999). In late 19th and early 20
th
 century, some researchers were concerned 
with minimizing the spread of disease and recommended quite high ventilation rate around 
30 CFMs (cubic feet per minute). Such high ventilation rate had been written into many 
states’ building codes or laws (Janssen 1999). More laboratory researches had been done in 
1930’s regarding the minimum ventilating rate. Based on new experimental data about odor 
from Lemberg, et. al. (1935) and Yaglou, et. al. (1936), ASHVE updated the code of 
minimum ventilation rate as 10 cfm (4.7 L/s) per person for the 1946 American Standards 
Association (ASA) lighting standard. 
The ASHVE research led to ASHRAE Standard 55 for thermal comfort and Standard 
62 for ventilation. The first, ANSI/ASHRAE Standard 62-1973, Standards for Natural and 
Mechanical Ventilation, presented minimum and recommended ventilation rates for 266 
34 
 
 
 
applications and became the basis for most state codes. The standard was updated in 1981, 
1989, 1999, 2001, 2004, 2007, 2010 and most recently 2013. 
Although many countries and organizations have made similar standards, ASHARAE 
Standard 62-1 of the United States is the most frequently cited standard in literature regarding 
ventilation. The purpose of ASHRAE Standard 62-1 (Ventilation for Acceptable Indoor Air 
Quality) is to specify minimum ventilation rates and other measures intended to provide 
indoor air quality that is acceptable to human occupants and that minimizes adverse health 
effects.This standard is intended for regulatory application to new buildings, additions to 
existing buildings, and those changes to existing buildings that are identified in the body of 
the standard. This standard is intended to be used to guide the improvement of indoor air 
quality in existing buildings (ASHRAE 2010). 
This standard defines requirements for ventilation and air-cleaning system design, 
installation, commissioning, and operation and maintenance that applies to all spaces 
intended for human occupancy except those within single-family houses, multifamily 
structures of three stories or fewer above grade, vehicles, and aircraft. Additional 
requirements for laboratory, industrial, health care, and other spaces may be dictated by 
workplace and other standards, as well as by the processes occurring within the space. 
The ASHARE Standard defines acceptable indoor air quality as air in which there are no 
known contaminants at harmful concentrations as determined by cognizant authorities and 
with which a substantial majority (80% or more) of the people exposed do not express 
dissatisfaction. As mentioned before, carbon dioxide concentration level has been used as a 
surrogate indicator of body odor level. According to Appendix C of the Standard (Rationale 
for minimum physiological requirements for respiration air Based on CO2 concentration), 
maintaining a steady-state CO2 concentration in a space no greater than about 700 ppm above 
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outdoor air levels will indicate that a substantial majority (80%) of visitors entering a space 
will be satisfied with respect to human bioeffluents (body odor). Laboratory and field studies 
have shown that with sedentary persons about15 CFM (7.5 L/s) per person of outdoor air will 
dilute odours from human bioeffluents to levels that will satisfy a substantial majority (about 
80%) of unadapted persons (visitors) to a space.  
The ASHRAE Standard emphasizes the indoor air quality in breathing zone, which is 
defined as the region within an occupied space between planes 3 and 72 in. (75 and 1800 
mm) above the floor and more than 2 ft (600 mm) from the walls or fixed air-conditioning 
equipment. The ASHRAE Standard adopted 15 CFM per person (7.5 L/s·person) in breathing 
zone as the minimum ventilation rate for most indoor spaces in its 1989 version. In its 2004 
version, however, ASHRAE Standard 62-1 modified the minimum ventilation rate in 
breathing zone for most indoor spaces as a combination of 5 CFM per person (2.5 
L/s•person) plus 0.12 CFM per square feet (0.6 L/s·m2). Such modification might result in 
inconsistency with the rule of “maintaining a steady-state CO2 concentration in a space no 
greater than about 700 ppm above outdoor air levels”. Under ventilation might occur for 
spaces with large population/area ratios, and over ventilation might happen for spaces with 
small population/area ratios. The minimum ventilation rate sometimes needs to be adjusted 
according to actual situations. 
The aforementioned minimum rate (i.e. a combination of 2.5 L/s•person + 0.6 L/s·m2) 
is only applicable to ordinary indoor spaces such as office and residential living spaces. For 
some special indoor spaces such as beauty/nail salons and health club/aerobics, a much 
higher ventilation rate (10 L/s•person + 0.6 L/s·m2) is required. Educational facilities also 
require higher minimum ventilation rates. The minimum ventilation rates in some typical 
indoor spaces are shown in Table 2.5. For complete information please refer to ASHRAE 
Standard 62-1 2014 Table 6-1. 
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Table 2.5 Minimum ventilation rates in breathing zone 
 
Occupancy Category 
People Outdoor Air Rate Rp 
(L/s·person) 
Area Outdoor Air Rate 
Ra (L/s·m
2
) 
Office spaces such as office room, 
break room, reception areas, main 
entry lobbies, etc. 
 
2.5 
 
0.3~0.6 
Most spaces in hotel, motel, 
resorts, dormitories, etc. 
 
2.5 
 
0.3~0.6 
Most spaces in educational 
facilities such as classrooms and 
laboratories,  
 
5.0 
 
0.6~0.9 
Spaces of food and beverage 
service such as restaurant dining 
rooms, cafeteria, bars, cocktail 
lounges, etc. 
 
3.8 
 
0.9 
 
Residential dwelling unit 
 
 
2.5 
 
0.3 
Public assembly spaces such as 
auditorium seating area, places of 
religious worship, courtrooms, 
libraries, lobbies, Museums, etc 
 
 
2.5 ~ 3.8 
 
 
0.3 ~ 0.6 
Most retail spaces such as sales, 
mall common areas, supermarket, 
etc. 
 
3.8 
 
0.3 ~ 0.9 
Sports and Entertainment 0 ~ 3.8 0.3 ~ 1.5 
(Adapted from ASHARE Standard 62-1 2-10 Table 6-1) 
Ventilation rate in breathing zone is not the same as ventilation rate for the whole 
indoor space, and a factor called Zone Air Distribution Effectiveness has been introduced in 
ASHRAE Standard 62-1 to reflect this fact. Zone Outdoor Airflow (Voz), the outdoor airflow 
rate that must be provided to the ventilation zone by the supply air distribution system, shall 
be determined in accordance with the following equation: 
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where Vbz is outdoor airflow in breathing zone and Ez is zone air distribution effectiveness, 
which is closely related to the positions of inlets/outlets and the temperature of supplied air. 
Table 2.6 Zone air distribution effectiveness in different situations 
Air Distribution Configuration Ez 
Ceiling supply of cool air. 1.0 
Ceiling supply of warm air and floor return. 1.0 
Ceiling supply of warm air 15°F (8°C) or more above space 
temperature and ceiling return. 
0.8 
Ceiling supply of warm air less than 15°F (8°C) above space 
temperature and ceiling return provided that the 150 fpm (0.8 m/s) 
supply air jet reaches to within 4.5 ft (1.4 m) of floor level. Note: 
For lower velocity supply air, Ez = 0.8. 
1.0 
Floor supply of cool air and ceiling return provided that the 150 
fpm (0.8 m/s) supply jet reaches 4.5 ft (1.4 m) or more above the 
floor. Note: Most underfloor air distribution systems comply with 
this proviso. 
1.0 
Floor supply of cool air and ceiling return, provided low-velocity 
displacement ventilation achieves unidirectional flow and thermal 
stratification. 
1.2 
Floor supply of warm air and floor return. 1.0 
Floor supply of warm air and ceiling return. 0.7 
Makeup supply drawn in on the opposite side of the room from the 
exhaust and/or return. 
0.8 
Makeup supply drawn in near to the exhaust and/or return 
location. 
0.5 
(ASHRAE Starndard 62-1 2010) 
ASHARE Standard 62-1 2010 is an important and complete guide for indoor 
ventilation with more than fifty pages. The literature review of this thesis has just mentioned 
some contents that are relevant to my research. 
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2.4.4 Ventilation effectiveness and its influential factors 
There are various definitions of ventilation effectiveness in literature and even 
different names such as ventilation efficiency, contaminant removal effectiveness, etc. The 
term ventilation efficiency was first used by Yaglou and Witheridge (1937). They defined it 
as the ratio of the carbon dioxide concentration in a room to that in the extract duct. The 
ventilation was considered to be effective if the air contaminants in high concentration level 
are captured by the exhaust before it spreads out into the room. This definition has been the 
cornerstone of various definitions of ventilation efficiency ever since (Han 2012). According 
to ASHRAE Handbook (2009), ventilation effectiveness is a description of an air distribution 
system's ability to remove internally generated pollutants from a building, zone, or space. 
A frequently cited definition of ventilation effectiveness by Sandberg (1981) was employed 
in this thesis to evaluate the ventilation performance. Using values of the steady-state 
condition, the relative ventilation effectiveness in a given point, P, in an occupied zone could 
be defined as 
   
     
     
                                         
where    is the ventilation effectiveness at point P,    is the contaminant concentration at 
outlet (ventilation exhaust),    is the contaminant concentration at inlet (ventilation supply), 
and    is the contaminant concentration at point P. 
If the average contaminant concentration in breathing zone is concerned, the above 
equation can be modified into:  
    
     
      
                                         
where     is the ventilation effectiveness in breathing zone, and     is the average 
contaminant concentration in breathing zone. 
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If the contaminant concentration at the inlet is zero (i.e. the contaminant sources are totally 
inside the ventilation zone), the equation can be further simplified into the following (Rim 
and Novoselac, 2010): 
    
  
   
                                         
Equation (2.1) and (2.2) are particularly useful in the case of CO2, which is 
considered as a surrogate indicator of body odor level. However, if concentration data are 
available for body odor VOCs, ventilation effectiveness could be directly measured by 
Equation (2.3). 
These equations show that the higher the contaminant concentration at outlet with 
respect to the concentration at breathing zone, the higher the ventilation effectiveness would 
be. As the ventilation rate is linked to the energy consumption of the ventilation system, in 
order to maintain the contaminant concentration in breathing zone at an industrial standard 
level, higher ventilation effectiveness means less ventilation rate thus less energy 
consumption. Therefore ventilation effectiveness is an important consideration when 
designing ventilation system. 
Ventilation effectiveness can be affected by a number of factors. The most important 
factor is the basic ventilation scheme. Despite some exceptions (Lin et al., 2006; Yi et al., 
2009), it has been found by many studies that displacement ventilation scheme can achieve 
higher ventilation effectiveness than mixing ventilation scheme (Lin et al., 2005; Zoon et al., 
2011). As mentioned in Section 2.4.2, the target of mixing ventilation systems is to diffuse 
the supply air well into the space so that the thermal conditions and eventual contaminant 
concentrations are uniform either in the entire space or in a specific zone of the space (e.g., 
the occupied zone). Therefore under mixing ventilation scheme, we can expect a significant 
difference of contaminant concentration in the outlet and in the breathing zone. The 
ventilation effectiveness of mixing ventilation system is usually close to 1.0. On the contrary, 
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displacement ventilation systems supply cool fresh air near the ground and remove the 
contaminated air from outlet on the ceiling. The indoor contaminant sources are usually heat 
sources such as occupants and machines therefore there exist rising airflow around these 
sources due to buoyancy. Contaminants would go up with rising airflow and quicker to reach 
the exhaust. 
Besides mixing and displacement ventilation schemes, some researchers (Tian et al., 
2010) recommended stratum ventilation scheme as a better option because fresh air is 
horizontally blown into the room at occupant’s breathing height, while some others proposed 
personalized ventilation scheme (Halvonova and Melikov, 2010; Li et al., 2010) which 
supplies fresh air directly to occupant’s breathing zone. In these situations, the cleaner air in 
breathing zone would help to improve ventilation effectiveness. 
It also has been found that, for a given ventilation scheme, the positions of inlets and 
outlets could severely influence ventilation effectiveness (Lee et al., 2009; Xamán et al., 
2009; Xing et al., 2001; Chung and Hsu 2001). The arrangement of inlet/outlet diffusers can 
cause different flow recirculation scales and will decide how quickly the indoor contaminant 
can be removed. The quicker the contaminant reaches the outlet diffuser, the higher the 
ventilation effectiveness would be. 
Furthermore, different types of diffuser may also have strong influences on ventilation 
effectiveness (Zhang et al., 2009) even though basic ventilation scheme and positions of 
inlet/outlet remain the same. Examples of diffusers are shown in Figure 2.8. 
The three influential factors mentioned in the above are associated with the ventilation 
system. Some other factors (such as interior layout, interior momentum sources, etc.) that are 
not associated with ventilation system may also have strong influence on the ventilation 
effectiveness. This thesis has made some contribution in this issue in the following chapters. 
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2.5 Brief review on CFD studies about indoor air quality 
and gaseous contaminants 
In human history, the investigation into effects of gaseous contaminants on indoor air 
quality and health might start in ancient times as sources of bad smell could exist anywhere in 
the living area of ancient people. However, detailed research was not possible until the 
development of chemistry which could tell what particular molecular components are in 
smelly air. As early as in 1862 that Pettenkofer concluded that neither oxygen nor carbon 
dioxide were responsible for bad air. Rather, biological contaminants were responsible for 
vitiation of the air. Researches of such topics relied heavily on experimental and theoretical 
methods until the development of numerical method since 1970s. By searching ScienceDirect 
database with key words like “indoor air & numerical or simulation”, we can only find less 
than 10 journal articles before 1990 that are pertaining to CFD study of indoor air with the 
earliest article being dated back to 1983 (Samuel and Chia, 1983). By searching the same 
database with the same key words, more than 50 journal articles can be found for the period 
between 1991 and 2000, about 300 journal articles were found between 2001 and 2010, and 
more than 350 articles were found after 2011. These numbers of searching results indicate 
that CFD method has become more and more popular in the research fields pertaining to 
indoor air quality and airborne contaminants. 
There was an important issue for researchers in early stage: how to build accurate 
numerical models to simulate the indoor airflow, temperature and contaminant concentration 
fields? Experimental data were used to validate different models. For example, Chen (1995) 
conducted test for five k-ɛ, two-equation models: the standard k-ɛ model, a low-Reynolds-
number k-ɛ model, a two-layer k-ɛ model, a two-scale k-ɛ model, and a renormalization 
group (RNG) k-ɛ model. Simulations had been run and compared with experimental data. 
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Chen’s research shows that renormalization group (RNG) k-ɛ model is better than other 
models therefore is recommended for simulations of indoor airflow. 
From mid-1990s to mid-2000s, great progress had been made in refining and 
commercializing CFD software. Through acquisitions, ANSYS has become a giant among 
the providers of CFD commercial software. By using these handy, sophisticated and well-
validated CFD commercial programs, researchers were able to shift their focus from writing 
and testing codes to application. CFD method has been applied to different issues of indoor 
air quality. A procedure for verification, validation, and reporting of indoor environment 
CFD analyses had been defined by Chen, and Srebric (2002). The contaminant removal 
effectiveness under mixing ventilation and displacement ventilation had been investigated by 
many researchers by CFD modelling (Lin et al., 2005, 2006; Zoon et al., 2011; Yi et al., 
2009; Lee et al., 2009; Xamán et al., 2009; Xing et al., 2001), and it was found that mixing 
ventilation could achieve better contaminant removal effectiveness. Particular gaseous 
contaminants such as carbon monoxide (Xue and Ho, 2000; Lin et al., 2006; Chang and 
Cheng, 2008) and formaldehyde (Lin et al., 2005; Bourdin et al., 2014; Guo et al., 2013) have 
been popular subjects for CFD simulations. CFD simulations have also been performed for 
different indoor environments such as office buildings (Huchtemann and Müller, 2013; Zhou 
et al., 2015), residential houses (Yang et al., 2014; Yoon et al., 2015), schools (Noh et al., 
2008; Wang et al., 2014), stadium (van Hooff and Blocken, 2012), even aircraft cabin 
(Bianco et al., 2009; Liu et al., 2013). 
Although CFD technology has been applied to indoor air issues for three decades, 
there are still some areas that have not been fully explored. This thesis has conducted 
researches into those overlooked areas described in Chapter 1 (Introduction) of this thesis. 
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CHAPTER 3 
Methodology 
 
3.1 Distinctive characteristics of gaseous contaminants 
vs. particulates 
Gaseous contaminants in indoor environment exist in the form of individual 
molecules and are mixed with molecules of surrounding air (i.e. molecules of oxygen, 
nitrogen, argon, etc.) via diffusion. The molecular sizes of most gaseous contaminants are 
between 0.28~2.0 nanometres. For example, carbon monoxide is one of the smallest gaseous 
contaminant with collision diameter of 0.28 nanometres. By comparison, most particulate 
contaminants are bulk materials with sizes ranging from 100.0~10000 nanometres. A 
category called “ultrafine particulates” refers to very small particulate matters with sizes less 
than 100 nanometres which play as a bridge between bulk materials and molecular structures. 
If the size of a typical particulate matter is around 1.0 micrometre and the size of a typical 
molecule of gaseous contaminants is 1.0 nanometre, there is a difference of 1000 times 
between them. 
Like the molecules of air, the molecules of gaseous contaminants are subject to 
thermal motion at a molecule speed determined by the following equation: 
     √
   
 
                                 
or 
     √
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where R is the gas constant 8.314  J K−1 mol−1, T is the absolute temperature, M is the molar 
mass of the molecule, m is the mass, and KB is Boltzmann constant. For examples, methane is 
the lightest VOC with a molar mass 16 g/mol while tetracontylamine, CH3(CH2)38CH2-NH2, 
is one of the heaviest VOC with a molar mass 577 g/mol. By Equation 3.1, the molecule 
speed of methane at room temperature (298K or 25
o
C) is 680 m/s while for tetracontylamine 
113 m/s. Such speeds are very fast. Imagine in a room with a 3-metre ceiling height, even the 
very heavy tetracontylamine molecule could bounce more than 30 times in one second 
between the ceiling and the floor; this of course will not happen because tetracontylamine 
molecule will collide with other gas molecules and then change direction; however, this 
shows how faster a gas molecule is moving. It can be found by simple calculation that the 
kinetic energy of a gas molecule would be more than 100 times greater than its relative 
gravitational potential energy in indoor spaces (ceiling heights are usually less than 5 meters). 
As kinetic energy of gas molecule in normal indoor environment is so dominating that the 
gravity can be ignored when handling gaseous contaminants in mathematical models. 
On the contrary, the thermal speed (if any) of a typical particulate matter is very slow. 
Suppose a typical particulate is a sphere with a radius of 0.5 micrometre and density of 
2g/cm
3
. It can be calculated from Equation 3.2 that the root mean square thermal speed is less 
than 0.004 m/s. In fact, this calculated thermal speed of 0.004 m/s for a typical particulate 
matter cannot be realised because the thermal motions of astronomical number of molecules 
bound inside the particulate matter offset with each other and produce a zero collective speed. 
Particulate matters are also bombarded by surrounding air molecules therefore may be subject 
to Brownian motion; however, Brownian motion is not significant. Therefore the speed of a 
particulate is mainly the convection speed of the surrounding air. In indoor environment with 
ventilation, as the convection speed of indoor air is about several metres per second, the 
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kinetic energy of a typical particulate is roughly in the same order of magnitude as its relative 
gravitational potential energy (ceiling heights are usually several metres). For this reason, the 
gravity must be considered for particulate contaminants.  
The comparison between gaseous contaminants and particulate contaminants in the 
above demonstrates that gaseous contaminants have distinctive characteristics thus cannot be 
treated as particulates in mathematical models. Particularly in the case of CFD simulations, 
gaseous contaminants are modelled by “additional variables” in ANSYS CFX and governed 
by transport equation. More complicated models such as Eulerian-Eulerian or Eulerian-
Lagrangian models cannot apply to gaseous contaminants. 
 
 
3.2 CFD software and governing mathematical equations 
 
CFX in ANSYS 13.0 has been selected as the simulation platform for this thesis. This 
software is user friendly; governing mathematics equations and programming codes for CFD 
simulations are invisible under the software’s graphical user interfaces (GUIs). However, it is 
necessary to briefly review those governing equations that are relevant to the issue of gaseous 
contaminants. 
The Continuity Equation: 
  
  
                                                                             
The Momentum Equations: 
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 where the stress tensor,  , is related to the strain rate by 
   (         
 
 
    )                                        
 For buoyancy calculations, a source term is added to the momentum equations as 
follows: 
        (      )                             
which can be approximated by Boussinesq Model: 
             (      )                          
where β is the thermal expansivity: 
   
 
 
  
  
                                      
The Thermal Energy Equation: 
A simplified form of the energy equation, which is suitable for low-speed flows, is 
called Thermal Energy Equation as shown in the following 
     
  
                                                
 where e is the internal energy and the term      is called the viscous dissipation. 
 
Transport equation for Additional variable: 
Due to very low concentrations of gaseous contaminants in indoor environment, the 
transport of gaseous contaminants is assumed to be controlled by the indoor airflow thus the 
existence of gaseous contaminants in the air has no effect on the airflow field. Therefore 
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gaseous contaminants can be treated as additional variables in ANSYS CFX. The governing 
equation for additional variable is 
     
  
                                         
where U is the fluid velocity in the case of a fluid or porous domain, ρ is the mixture density in mass 
per unit volume, which approximately equals to the air density due to the very low pollutant 
concentration. Φ is the pollutant quantity per unit volume while ϕ = Φ/ρ is the pollutant mass 
concentration.    is the volumetric source term of the pollutant, and   is the kinematic diffusivity 
of the pollutant through the air. 
For turbulent flow, this equation is Reynolds-averaged and becomes: 
    ̅ 
  
       ̅    ((    
  
   
)    ̅)                        
 where    is the turbulence viscosity, and     is the turbulence Schmidt number, which 
takes a constant value of 0.9 for thermal buoyancy-driven flows modelled using the 
Boussinesq approach. 
 
The RNG k-epsilon Model: 
The Re-Normalisation Group (RNG) k-ε model was regarded as the most accurate 
model for indoor airflow computation amongst eight different turbulence models investigated 
by Chen (1995). This thesis has selected RNG k-ε model as turbulence model for all 
simulations in ANSYS CFX. The transport equation in The RNG k-epsilon model is as 
follows: 
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For details, see ANSYS CFX-Solver Theory Guide (2009). 
It is worth to mention that Large Eddy Simulation (LES) has become more and more 
popular in turbulent flow analysis for various situations including indoor air flow (Tian et. al., 
2007; Wang et. al., 2012; Durrani et. al., 2015). In Large Eddy Simulation, large eddies are 
solved directly and the small eddies are modelled by the subgrid-scale (SGS) model. As a 
result, LES is less influenced by modelling errors than the Reynolds averaged Navier-Stokes 
(RANS) model that is mostly used for prediction of room airflows. However, LES is much 
more expensive than RANS model in terms of computation. A recent research regarding 
multiple steady states in buoyancy-driven natural ventilation (Durrani et. al., 2015) shows 
that LES was 4.5 times expensive in terms of computational power and 21 times in terms of 
time. That is why this thesis has chosen the traditional RNG k-ε model, which has been 
proved over that past decades to be a reliable and efficient approach for indoor air flow. 
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3.3 Procedure of numerical studies 
Different office spaces have been chosen as the subjects for numerical modelling. A 
simple model was re-built according to a published journal article (Tian et al., 2010). This 
published model in literature has experimental data, which is used to validate the numerical 
method in this thesis. The procedure of numerical studies of this thesis is illustrated in Figure 
3.1.  
 
 
Figure 3.1 Procedure of numerical studies 
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The validated method in the simplest model is then applied to more complicated 
models to investigate the following issues: 
1) Investigate the role of diffusion of gaseous contaminants in indoor 
environment; 
2) Investigate whether ventilation effectiveness can be treated as a 
constant with respect to time; 
3) Check the accuracy of a time-dependent concentration function in 
Chapter 5, which is the theoretical foundation for the energy saving 
ventilation strategy in Chapter 5. 
4) Investigate some additional influential factors of ventilation 
effectiveness such as (i) interior layout and (ii) interior momentum 
source (particularly the small computer fan) in Chapter 6 and 7. 
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3.4 CFD model for validation purpose 
For validation purpose of the numerical method in this thesis, a model in a published 
journal article (Tian et al., 2010) has been chosen, which has experimental data (and also 
CFD simulation results) on velocity, temperature and CO2 concentration distributions in a test 
office room under stratum ventilation scheme. This study has re-built the published model in 
ANSYS 13.0 CFX and run our own simulation. Some details of geometry of the published 
model are in Figure 3.2, which also shows the positions of Line 1~9 for experimental 
measurements. The air from inlet (0.21m×0.17m) has a temperature of 19
o
C and a velocity of 
1.19m/s. Heat loads of human simulator, computer box and lamps are 75w, 180w and 72W×2 
respectively. The kinematic diffusivity of CO2 is 1.5×10
-5
 m
2
/s. For more details on boundary 
conditions, please refer to Table 3.1. 
 
 
Figure 3.2 Geometry of the published model for validation purpose (Tian et al., 2010) 
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Table 3.1 Boundary conditions of the validation model 
Boundary Type Details 
Inlet  
(0.2m x 0.17m ) 
Inlet 19
0
C Air flow: 1.19m/s,  CO
2
: 0.00078 kg m
-3
 
Nose (1 cm
2
) wall CO2 flux: 0.1 kg m
-2
 s
-1 
(36 g/hour) 
Human wall Heat flux: 45.2 w m
-2
 s
-1 
 
Computer wall Heat flux: 225 w m
-2
 s
-1
 
Lights wall Heat flux: 176.4 w m
-2
 s
-1
 
Outlet 
(0.235m x 0.235m) 
outlet Average static pressure: 0 pa 
 
 
 
Figure 3.3 Mesh of the re-built model for validation purpose 
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Unstructured mesh is adopted in this model. Inflation layers (prisms) are generated 
around heat sources, while tetrahedrons fill out the room space. The total number of mesh 
elements is around 1.6 million as shown in Figure 3.3. 
Mesh independence has been checked on Line 1. Three mesh sizes of 0.8 million, 1.6 
million and 2.4 million are tested, and the results are shown in Figure 3.4. This figure shows 
that CFD results of velocity field, temperature field and concentration field are not dependent 
on mesh sizes in our model. Mesh size of 1.6 million may be an appropriate choice because it 
is not too big with respect to saving computer running time while not too small with respect 
to finding details in some locations. 
CFD simulations with 1.6 million mesh size have been run by ANSYS 13.0 CFX-
Solver. For examples, contours/distributions of velocity, temperature and CO2 concentration 
on the middle vertical plan (x = 1.45m) are shown on Figure 3.5, 3.6, and 3.7. The cool 
airflow from the inlet is horizontal in the beginning but gradually going downward due to 
buoyance force, and finally blocked by the manikin (Figure 3.5). Hot air goes up (Figure 3.6) 
and CO2 released from the “nose” of manikin has been pushed upward and blown to the back 
part of the room by the airflow (Figure 3.7). As Line 1 is just behind the manikin, these 
contour maps are consistent with charts in Figure 3.4. 
Then the results were compared with experimental data as shown by Figure.3.8, 3.9 
and 3.10. It is found that simulation results of temperature field fit experimental data very 
well at all 9 locations (percentage differences are less than 5% if use Celcius degree).  
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Figure 3.4 Mesh independence check 
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Figure 3.5 Velocity field on middle vertical plan (x=1.45m) 
 
Figure 3.6 Temperature field on middle vertical plan (x=1.45m) 
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Figure 3.7 CO2 concentration field on middle vertical plan (x=1.45m) 
 
In case of velocity field, simulation results fit experimental results at 2/3 of measuring 
points quite well (percentage differences are less than 5%) but relatively larger differences 
were found at about 1/3 of measuring points. In case of CO2 concentration field, the 
simulation results also fit experimental results at about 2/3 of measuring points quite well 
(percentage differences are less than 5%) but relatively larger differences were found at about 
1/3 of measuring points. However, due to many uncertainties and involving CFD simulation 
as well as experimental environment, the comparisons presented by Fig 3.8 ~ 4.0 can be 
regarded as satisfactory validation results. These results, along with the results of mesh 
independence, show that the numerical method of this thesis is reliable and ready to be 
applied to more complicated cases. 
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Figure 3.8 Measured (Tian et al., 2010) and simulated velocity profiles at 9 positions 
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Figure 3.9 Measured (Tian et al., 2010) and simulated temperature profiles at 9 positions 
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Figure 3.10 Measured (Tian et al., 2010) and simulated CO2 concentration profiles 
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CHAPTER 4 
Theoretical and numerical study on the 
role of diffusion of gaseous 
contaminants in indoor environment 
 
4.1 Introduction 
It has been mentioned in Chapter 2 that gaseous contaminants such as volatile organic 
compounds (VOCs) are the major contaminants in indoor air. The transport/distribution of 
gaseous contaminants is through the processes of convection and diffusion. As a convenient 
replacement of experimental methods, computational fluid dynamics (CFD) has been 
increasingly used to simulate the transport of gaseous contaminants (Haghighat et al. 1994; 
Huang & Haghighat 2002; Yang et al. 1998; Lin et al. 2005; Tian et al. 2010). In CFD 
simulation, the value of diffusivity must be known, and is the only way to distinguish 
different gaseous contaminants. Diffusivity (or diffusion coefficient) is a proportional 
constant between the molar flux due to molecular diffusion and the gradient in the 
concentration of the species. According to classic theories such as Graham’s Law and 
Chapman-Enskog theory (Piiper & Worth 1980; Cussler 1997), diffusivity is negatively 
related to the molar mass of gas, and this point has been proved by many experiments. As the 
values of  molar mass of hundreds of VOCs differ a lot, so do the values of their diffusivities. 
For example, tetracontylamine (C40H83N) has a molar mass 577 g/mol and a predicted 
diffusivity 0.0244 cm
2
/s, while methyl fluoride (CH3F) has a molar mass 34 g/mol and a 
predicted diffusivity 0.146 cm
2
/s, which is six times as much as diffusivity of 
tetracontylamine (Mirkhani et al. 2012). Therefore a gas with lighter molar mass would be 
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easy to diffuse in the certain environment than a heavier gas. As there are hundreds of 
different VOCs in indoor environment with large differences among their diffusivities, a key 
question thus arises: 
Is the transport behaviour of lighter VOCs significantly different from that of 
heavier VOCs due to the large differences in their diffusivities? 
     There were few articles in literature that discussed behaviours of different VOCs in 
indoor environment. Farajollahi et al (2009) used experimental approach to investigate 
diffusivities of five VOCs under different environmental conditions of temperature and 
humidity; however, the effect of the differences between diffusivities on transport of VOCs 
had not been investigated and compared. Yang et al (1998) did interesting CFD simulation by 
investigating concentration distributions of four different VOCs in a small test chamber. The 
time-dependant concentration graphs of four different VOCs showed very similar curves. 
However, such similarity had not been highlighted and discussed in their conclusion part. The 
above question has not been directly addressed or answered in literature. 
Also in literature, the value of the diffusivity of a particular gas varies due to different 
theoretical prediction models or different experimental methods (Sattari & Gharagheizi 2008; 
Massman 1998). CFD practitioners sometimes have to arbitrarily select one value among 
many choices. Therefore, another question arises: 
Is the accuracy of the value of diffusivity important in CFD simulation on the 
transport of gaseous contaminant in indoor environment? 
 This thesis has investigated these issues from both theoretical and numerical 
approaches. First, theoretical analysis was performed on a simplified 1-D model in Section 
4.2, which shows that the value of diffusivity is not important because even a very small 
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magnitude of convection could overwhelm diffusion in indoor environment; even a large 
difference in diffusivities (e.g. eight times) of different gaseous contaminants cannot create 
any significant difference in their concentration profiles in most part of the space. 
Second, numerical investigation was performed on a 3-D CFD model for a test 
chamber, in which two imaginary VOCs (called VOC1 and VOC2 respectively hereinafter) 
were emitted from the same location at the same emission rate. The only difference is that: 
the diffusivity of VOC1 is 8 times as much as the diffusivity of VOC2. CFD simulations 
were run under transient as well as steady state scenarios, and then the concentration profiles 
of the two VOCs were compared. The comparison of the CFD results would be able to reveal 
the role of diffusivity in the transport process of gaseous contaminants in indoor environment. 
If significant difference between their concentration profiles were to be found, it 
would cast doubt on the findings in theoretical analysis in Section 4.2. However, if significant 
difference were not to be found, the theoretical findings in 1-D model of Section 4.2 would 
likely also be true for 3-D situations. If it is the case, then the above two bold questions could 
be collectively answered with a “No”. 
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4.2 The role of diffusion: a simplified one dimension 
model for gaseous contaminants in indoor environment 
As gaseous contaminants are essentially molecules that similar to molecules of air, 
they would diffuse into the air. The diffusion process of gaseous contaminants in air is 
governed by the following equations: 
Fick’s first law:                                    
Fick’s second law: 
  
  
                            
where J is the "diffusion flux" (amount of the gaseous contaminant per unit area per unit 
time), D is the diffusion coefficient (or called diffusivity) of the gaseous contaminant in air, C 
is the volumetric concentration of the gaseous contaminant. 
Diffusivity between two gases can be predicted by the following formula in 
Chapman–Enskog theory (Cussler 1997): 
  
              
    
  
√
 
  
 
 
  
                       
where 1 and 2 index the two kinds of molecules present in the gaseous mixture, T is the 
absolute temperature, M is the molar mass, p is the pressure,               is the 
average collision diameter, and Ω is a temperature-dependent collision integral. 
This formula shows that diffusivity is negatively associated with molar mass of gases. For 
example, tetracontylamine (C40H83N) is one of the heaviest VOCs with a molar mass 577 
and a predicted diffusivity 0.0244 cm
2
/s, while methyl fluoride (CH3F) is one of the lightest 
VOCs with a molar mass 34 and a predicted diffusivity 0.146 cm
2
/s, which is six times as 
much as diffusivity of tetracontylamine (Mirkhani et al. 2011). 
If convection exists in the indoor environment, the behaviour of the gaseous 
contaminant is governed by transport equation in the following: 
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              ⃑                       
where  ⃑ is velocity and S is the source term of the gaseous contaminant. 
A simplified one dimension model is shown in Figure 4.1. A 3-metre long pipe is 
lying horizontally. Methyl fluoride (CH3F, one of the lightest VOCs with diffusivity 
D1=0.146 cm
2
/s) and tetracontylamine (C40H83N, one of the heaviest VOCs with diffusivity 
D2=0.0244 cm
2
/s) are diffusing into the pipe from the left end at the same constant diffusion 
flux J; the concentration of both contaminants at the right end of the pipe is maintained at 
zero. Three metre has been chosen as the length of the pipe in this model because the 
distances from contaminant sources to the ventilation exhaust in most indoor environments 
are in this order of magnitude.  
 
 
Figure 4.1 Diffusion of gaseous contaminants in static air 
The above model is a very special situation where convection does not exist in the 
system. Assume diffusivities of two kinds of gaseous contaminants are constants, therefore 
Equation 3.3 and 3.4 can be simplified as follows for one-dimension situation: 
    
  
  
                             
  
  
  
   
   
                            
When steady state is achieved, ∂C/∂t  , Equation (4.6) can be simplified as 
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which has boundary conditions  
  
  
  
 
 
 for     and     for      , therefore has 
the following solution under steady state: 
  
 
 
                        
Apply Equation 4.8 to both methyl fluoride and tetracontylamine in our model in 
Figure 3.1, the concentration profiles are shown in Figure 4.2: 
 
Figure 4.2 Concentration profiles of two gases when convection does not exist 
 
The above figure shows that, when convection does not exist, the concentration of 
tetracontylamine is about 6 times as much as the concentration of methyl fluoride everywhere 
in the pipe. The large difference (i.e. about six times) in their diffusivities of two gases has 
been exactly reflected by their concentration profile. 
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In reality, however, convection exists in nearly all indoor spaces. The simplified 
model in Figure 4.1 involving static air must be modified by introducing airflow. In the new 
model shown in Figure 4.3, the left end of pipe is the ventilation inlet while the right end is 
ventilation outlet. There is a steady airflow inside the pipe at speed v m/s. Methyl fluoride 
and tetracontylamine are diffusing into the pipe from the inlet at the same constant diffusion 
flux J; the concentration of both contaminants at the outlet of the pipe is maintained at zero. 
 
Figure 4.3 Diffusion of gaseous contaminants in airflow 
In one-dimension situation, and assuming D and v are constant, the Equation 3.6 can be 
simplified as 
  
  
  
   
   
  
  
  
                          
There is actually no contaminant source inside the pipe except for diffusion flux J at 
the inlet, therefore S=0. When steady state is achieved, ∂C/∂t  , Equation (4.9) can be 
simplified as 
 
   
   
  
  
  
                                     
This differential equation has the following general solution: 
    
 
 
  
 
                                
where A and B are constants that can be determined by boundary conditions. At the outlet 
where        ; substitute into Equation 4.11, it can be obtain that 
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At the inlet where    ,     
         
         
     ; substitute into Equation 4.11 and 
consider Equation 4.12, it can be obtained that 
   
 
 
 
 
 
  
   
                                
From Equation 4.11~4.13, we obtain 
  
 
 
 
 
   
   
 ⁄
(   
 
      )                    
Let          . For methyl fluoride (CH3F, one of the lightest VOCs), 
D1=0.0000146 m
2
/s; for tetracontylamine (C40H83N, one of the heaviest VOCs), 
D2=0.00000244 m
2
/s. General speaking,                       for all gaseous 
contaminants (Mirkhani et al. 2011), therefore   ⁄               for all gaseous 
contaminants. This results in  
   
 ⁄                    . Therefore Equation 3.16 can 
be simplified as 
  
 
 
(   
 
      )                    
Let           , which represents 99% space of the pipe, then  
 
 
                                  
Therefore Equation 3.17 can be further simplified as 
  
 
 
                                            
This is an interesting finding. This means that, when steady-state achieved, diffusivity 
is not relevant to the concentration distribution in at least 99% of pipe space. No matter the 
gaseous contaminants are heavy or light, their concentration distribution profiles under steady 
state are almost the same as illustrated in Figure 4.4.  
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Figure 4.4 Concentration profile when convection exists 
The above discussions are based on an assumption that the airflow speed is 0.01m/s inside the 
3-metre long pipe. Let consider a more general question: 
 
What is the minimum airflow speed in the pipe to ensure that the percentage 
difference between concentrations of methyl fluoride and tetracontylamine would 
not be greater than 1% in 99% of pipe space (i.e.          )? 
 
By Equation 4.14 and apply diffusivities of methyl fluoride and tetracontylamine, we obtain 
   
 
 
 
 
   
   
         ⁄
(   
 
              )                    
   
 
 
 
 
   
   
          ⁄
(   
 
               )                    
where Cm and Ct are concentrations of methyl fluoride and tetracontylamine respectively. 
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It can be proved in mathematics that                  . Their ratio is 
  
  
  
 
   
   
         ⁄
   
   
          ⁄
 
(   
 
               )
(   
 
              )
                    
It can be proved in mathematics that this ratio is an increasing function of x in the interval 
         .  
Select         as the critical checking point and let this ratio equal to 101% (i.e. 
set 1% as the level of significance for the difference between concentrations of two VOCs), 
we obtain 
        
   
   
         ⁄
   
   
          ⁄
 
(   
      
          )
(   
      
         )
                         
This equation is a transcendental equation and has no analytical solution. However, 
approximate solution can be obtained by testing v in Microsoft Excel or using graphic 
calculator. The approximate solution is: 
                                            
Therefore the answer to the general question is: 
 
In this one-dimension model under steady state condition, as long as the airflow 
speed (i.e. the convection magnitude) is greater than 0.0022 m/s, the percentage 
difference between concentrations of methyl fluoride and tetracontylamine would 
be less than 1% in 99% of pipe space (i.e.          ). 
 
As methyl fluoride is one of the lightest VOCs while tetracontylamine is one of the 
heaviest VOCs and there is a six-times difference between their diffusivities, it can be 
concluded that: 
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In this one-dimension model under steady state condition, as long as convection 
exists (even at very small magnitude like 0.0022 m/s), the difference in 
diffusivities of different gaseous contaminants cannot create any significant 
difference (1%) in their concentration profiles in most part of the space (99%). 
 
As convection dominates, the time taken to reach steady state can be estimated by 
using the length of the pipe (3m) divided by the airflow speed (0.0022m/s); that is less than 
23 minutes. The faster the airflow speed is, the faster the steady state would be achieved. 
The dominance of convection over diffusion can also be explained by the concept 
“diffusion time”. According diffusion theory (Bird et al., 1976), the time-dependent 
concentration at position x is 
             (
 
 √  
)                       
where erfc is the complementary error function and C0 is the maintained concentration at x=0. 
The length  √   is called diffusion length, and the time 
   
  
  
                                  
is called diffusion time, which represents the time that it will take for the concentration at x 
position increased to about 16% of C0 (note:            ).  
For methyl fluoride (D = 0.0000146 m
2
/s) at x=2.97m, it would take 151000 seconds 
(or 42 hours) for concentration increased to about 16% of C0 if convection doesn’t exist. 
However, a very small convection at 0.0022m/s is able to increase the concentration at 
x=2.97m to about 99% of C0 in less than 23 minutes.  
How about in actual situations of 3-D indoor space? The airflow speed in any 
ventilated room could easily surpass 0.0022 m/s, therefore it is reasonable to anticipate that 
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convection would also dominate in 3-D situations. Due to the complexity in mathematics, this 
thesis will not do any theoretical calculation for 3-D situations. Instead, this thesis will take 
computational fluid dynamics (CFD) approach in the following section to check if diffusion 
of gaseous contaminants could be neglected in actual 3-D indoor environment. 
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4.3 CFD model of a test chamber 
 
Figure 4.5 Geometry of CFD model 
The geometry of the CFD model in this study is shown in Figure 4.5, which is very 
similar to the model for validation purpose in Figure 4.1. The room is 3.90m (L) × 2.90m (W) 
× 2.60m (H) with two lights on the ceiling; a cabinet, which is emitting VOC1 and VOC2 
simultaneously at the same emission rate 10
-9
 kg/(m
2
s), is standing in the corner with sizes of 
0.80m (L) × 0.40m (W) × 0.80m (H). A human model (0.4m × 0.25m × 1.2m) and a desk 
(1.30m × 0.68 × 0.70m) are in the middle of the room. A box (0.40m × 0.40 × 0.40m) on the 
desk represents a computer. Air of 25
o
C is blown into the room from the inlet (0.21m × 
0.17m), which is located in the middle of the front wall, while the outlet (0.24m × 0.24m) is 
located on the ceiling beside one light. 
The commercial program CFX in ANSYS 13.0 has been chosen to run CFD 
simulations for both transient and steady states under three different ventilation conditions 
(i.e. six cases in Table 4.1). For transient simulations, the initial velocities of all points in the 
room were set to be 0m/s, thus it is assumed that there is no airflow in the room at start.  
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Table 4.1 Six cases of CFD simulation 
 Transient Steady state 
 
0.3m/s inlet wind speed (v), or 
140% air change per hour (ACH) 
 
 
Case 1 
 
Case 2 
 
v = 1.2m/s, or ACH = 550% 
 
 
Case 3 
 
Case 4 
 
v = 2.2m, or ACH = 1000% 
 
 
Case 5 
 
Case 6 
 
VOC1 and VOC2 that are released from the surface of the cabinet are modelled by 
additional variables in ANSYS CFX, and transport equation for additional variable (Equation 
4.8 in Chapter 4) has been chosen. Moreover, the Re-Normalisation Group (RNG) k-ε model 
has been chosen as turbulence model. In this study, the kinematic diffusivity is the main 
subject, and its value for VOC1 and VOC2 are 1.9×10
-5
m
2
/s and 2.4×10
-6
m
2
/s respectively. 
Please note that the diffusivity of VOC1 is about 8 times of the diffusivity of VOC2. Eight 
times is regarded as one of the largest possible differences in diffusivities between any two 
VOCs according to Mirkhani et al. (2012). As VOC1 and VOC2 are released from the same 
place at the same emission rate except for the 8-times-difference between their diffusivities, 
therefore any significant difference in their concentration profiles could be attributed to the 
difference between their diffusivities. 
The human model, the computer box and two lights are heat sources in the CFD 
model. Heat loads are summarised by Table 4.2. Walls, ceiling, floor and table are 
maintained at 25
o
C. 
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Table 4.2 Heat loads 
Heat source Heat load(W) 
Human 
Computer 
Lights 
70 
130 
     
 
 
Figure 4.6 Mesh of the CFD model 
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Unstructured mesh was adopted in this study. Inflation layers (prisms) were generated 
around heat sources, while tetrahedrons filled out the room space. The total numbers of mesh 
elements were about 700K for six cases in Table 4.1. Mesh independence has been checked 
and confirmed. Some details of mesh are shown in Figure 4.6. 
Transient simulations had been run for two hours with each time step being 0.1~0.5 
second at different stages. Steady state simulations have also been run with more than 5000 
iterations until convergence.  
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4.4 Comparison of concentration contours 
Simulation results have been processed, and the concentration contours of both VOC1 
and VOC2 on the transverse plan at z = 0.75 m have been taken for comparisons. Details of 
Case 1 in Table 4.1 (i.e. ACH=1.4 transient simulation) are shown in Figure 4.7.  
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Figure 4.7 Comparisons of concentration contours at different time (ACH = 1.4) 
 
By very careful visual inspection, we can find some differences between the 
concentration contours of VOC1 and those of VOC2. However the differences are so small 
that corresponding contours of VOC1 and VOC2 can be said to be ALMOST identical. These 
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comparison results imply that, for VOC1 and VOC2, the large difference between their 
diffusivities (i.e. eight times) can only create very tiny difference on their transient 
concentration contours. 
The comparison of their concentration contours at steady state when ACH=1.4 is 
shown in Figure 4.8, where these contours can be regarded as perfectly identical because it is 
impossible to find any difference by visual inspection. This point is consistent with the 
theoretical findings in Section 4.2 of this chapter. 
 
Figure 4.8 Identical concentration profiles at steady state 
For ACH=5.5 (Case 3 in Table 5.1) and ACH=10 (Case 5 in Table 4.1), CFD results also 
have shown that corresponding concentration contours of VOC1 and VOC2 are almost 
identical in transient simulations, and perfectly identical in steady state simulations. 
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4.5 Percentage deviation contours 
In the previous section, concentration profiles of VOC1 and VOC2 were compared by 
visual inspection, which is not easy, not rigorous and not accurate. An index called 
percentage deviation (PD) is introduced in the following: 
      
             
     
        (4.24) 
where Cvoc1 and Cvoc2 are concentration at a particular point in the test room. This equation 
has been written into an additional variable with algebraic expression in ANSYS CFX, and 
the results can be obtained in CFX-post. 
A horizontal plan (z = 0.75m) was selected as sample plan for presenting contour 
maps of PD values because this plan cut all items in the room, particularly the cabinet that 
was emitting VOC1 and VOC2 simultaneously at the same rate. 
This study adopted “double 5%” as a criterion for significant difference in PD 
contours: if PD values were greater than 5% in 5% of the sample plan, then the difference in 
concentrations of VOC1 and VOC2 would be considered as significant. In science of 
statistics, 5% (or 95%) is a default standard for many issues such as confidence interval, 
hypothesis testing, etc. The “double 5%” standard here is actually much stricter than 5% 
criterion on a single factor. This thesis is going to show that the effect of diffusion is 
negligible even under such a strict standard. 
Contour maps in Figure 4.9 show simulation results of PD values on the sample plan 
when air change per hour (ACH) was 140%. By visual inspection and estimation, it is found 
that, when t=1min, significant difference (i.e. PD > 5%) in concentrations of two VOCs 
occurred in more than 50% of the sample plan area. However, the outstanding area (i.e. area 
where PD > 5%)  was reduced to about 30% after 5 minutes, and further reduced to less 5% 
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after 10 minutes. At steady state, no outstanding area was noticeable in the contour map; this 
means that the concentration difference between VOC1 and VOC2 is zero nearly everywhere 
on the sample plan. This is consistent with the comparison in Figure 4.7. 
 
Figure 4.9 Percentage deviation (PD) contours of two VOCs when ACH = 1.4 
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Figure 4.10 Percentage deviation (PD) contours of two VOCs when ACH = 5.5 
 
This study had also run simulations under higher ventilation rates. Figure 4.10 shows 
PD values when air change per hour (ACH) is 5.5. By visual inspection and estimation, it is 
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found that, when t=1min, significant difference (i.e. PD>5%) in concentrations of two VOCs 
occurred in less than 20% of the sample plan area. However, the outstanding area (i.e. area 
where PD>5%) was reduced to less than 1% after 2 minutes. At steady state, no outstanding 
area was noticeable in the contour map. 
 
Figure 4.11 Percentage deviation (PD) contour of two VOCs when ACH = 10 
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When ventilation rate of the room further increased to ACH=1000%, Figure 4.11 
shows that it took less than one minute to make outstanding area unnoticeable.  
The word “unnoticeable” does not mean that the outstanding area is 0% on the sample 
plan. When the area very close to the cabinet (i.e. the source of VOC1 and VOC2) was 
zoomed in, the outstanding area could be identified. Actually, the outstanding area would 
never disappear even at steady state (t→∞), but it is too small and too close to cabinet thus 
hard to be seen. 
By reviewing Figure 4.9, 4.10 and 4.11, it can be found that (i) the concentration 
distributions of VOC1 and VOC2 would eventually reach the same pattern in steady state 
despite the huge difference between their diffusivities; and (ii) the larger the air change per 
hour (ACH) is, the faster the outstanding PD area would shrink. 
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4.6 PD values for the whole room 
While those contour maps in the above Section are all on a sample plan (z=0.75m), 
ANSYS CFX 13.0 is able to calculate the average PD values for all mesh elements in the 
whole room, and the results were summarized in Table 4.3: 
Table 4.3 Average PD values of the whole room 
 1 min 3 min 5 min 10 min t→ ∞ 
ACH=1.4 14.80% 5.93% 3.99% 2.36% → 0 
ACH=5.5 9.13% 1.10% 0.88% 0.42% → 0 
ACH=10.0 2.34% 0.60% 0.46% 0.24% → 0 
 
The data in Table 5.3 shows that the larger the ventilation rate is, the faster the 
average PD value of the room would approach zero. This point is consistent with the results 
of PD contour analysis in the previous Section. From the theoretical point of view, a larger 
ventilation rate means a larger contribution of convection to the transport of gaseous 
contaminant and a relatively smaller contribution by diffusion process, thus less importance 
of the diffusivity and faster to reach steady state. 
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4.7 Summarizing Remarks 
The theoretical study on a 1-D model in Section 4.2 of this chapter shows that the 
value of diffusivity is not important because even a very small magnitude of convection could 
overwhelm diffusion in indoor environment; even a large difference in diffusivities (e.g. six 
times) of different gaseous contaminants cannot create any significant difference in their 
concentration profiles in most part of the space. These findings have been supported by CFD 
simulations in a 3-D model. 
Refer to Table 4.1, three ventilation rates (i.e. ACH=1.4, 5.5 and 10) in this study are 
all common ventilation rates in real live situations such as office rooms, factory plants, school 
rooms, hospital wards, etc. Therefore conclusions in the following are mostly applicable to 
situations in normally ventilated rooms. 
Based on the CFD results and findings, two questions that were raised in Introduction 
part (Section 4.1 of this Chapter) can be collectively answered: 
(1) For the transport of gaseous contaminant in a normally ventilated room, if steady state 
is concerned, the effect of diffusivity is negligible for the whole room except in very 
small area that is very close to the contaminant source. Even a very large difference in 
their diffusivities of two gases would not matter because their distributions would 
approach the same pattern in the end. This implies that, In CFD simulation practices, 
the accuracy of the value of diffusivity is not important. All gaseous contaminants can 
be treated in the same way by assigning a typical value (e.g. 10
-5
 m
2
/s) for their 
diffusivities without affecting the accuracy of the final CFD results of their 
concentration distributions in steady state. 
(2) Even when the time series of concentration distribution in transient simulation is 
concerned, the effects of diffusion would soon (i.e. in a few minutes) be overwhelmed 
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by the convection process; all gaseous contaminants can still be treated the same way 
by assigning a typical value (e.g. 10
-5
 m
2
/s) for their diffusivities in CFD practices 
without remarkable error. 
Further discussion: If the ventilation rate is far below normal level (e.g. ACH < 0.1), the 
first conclusion the above about steady state in would probably still hold true as long as there 
is some degree of convection existing. Refer to the theoretical findings for a 1-D model in 
Section 4.2, convection of a very tiny magnitude (0.0022 m/s) can still overwhelms the 
effects of diffusivity at 99% of the whole space. In real live indoor spaces, the convection can 
easily exceed the magnitude of 0.0022 m/s even the ventilation is very low. Although CFD 
simulation has not been run for rooms with extremely low ventilation rate, we can reasonably 
expect that the effect of diffusivity is still negligible. 
However, the second conclusion about transient simulations might open for debate. 
The CFD results for ACH=1.4 show that it took about 10 minutes for the outstanding area 
(i.e. area where PD > 5%) to shrink to less than 5% of the area on the sample plan. Also 
according to Table 4.3, it would take about 10 minutes for the average PD level in the whole 
room to drop to around 2%. It can be imagine that, if the ventilation rate is remarkably low, it 
would take considerably longer time for the concentrations of VOC1 and VOC2 to reach 
approximate the same distribution pattern. In theoretical terms, lower ACH value means 
longer time for diffusion to perform before this part of air being removed out of the room by 
convection. If ACH is too low, then the difference caused by different diffusivities of 
different gases might no longer be negligible for a considerable length of time. This thesis has 
not run simulations for extremely-low-ventilation rooms due to technical issues; research 
may be carried out in the future. 
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CHAPTER 5 
Theoretical and numerical study on 
ventilation effectiveness, the time-
dependent concentration function and 
an energy saving strategy 
 
5.1 Introduction 
Some industry standards on heating, ventilation and air conditioning (HVAC) had 
been made to ensure acceptable indoor air quality (IAQ) in buildings and rooms, and 
ASHRAE standard 62.1 (ASHRAE, 2010) is well known among engineers and researchers in 
this area. It is suggested by ASHRAE standard 62.1 that the minimum ventilation rate is 
calculated by a linear combination of the number of occupants and the floor area of the space. 
For a particular room, the floor area is fixed while the number of occupants may change over 
time. Most HVAC systems are designed to supply ventilated air based on assumed (usually 
maximal), rather than actual, occupancy. This often results in over-ventilation, wasting 
energy and money. 
However, for rooms subject to variable or intermittent occupancy, over-ventilation 
can be avoided or minimised by reducing total ventilation below designed ventilation rates if 
actual occupancy can be detected or predicted. The concept and theories of demand-
controlled ventilation (DCV) had been developed for more than two decades (International 
Energy Agency, 1990; Haghighat and Donnini, 1992; Haghighat and Donnini, 1993), and 
various DCV strategies in literature involve detect or predict real time occupancy by different 
means such as schedule, infrared motion sensors (Mysen et al., 2005), CO2 sensors (Fisk, and 
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De Almeida, 1998; Chao and Hu, 2004; Xu et al., 2009), etc. The most popular type of DCV 
is CO2-based demand-controlled ventilation systems which monitor the level of CO2 
concentration against some set-points and adjust ventilation rate according to certain 
algorithms. Although not being considered as a contaminant at normal situations, CO2 is a 
surrogate indicator for bio-effluents of occupants in indoor environment, thus CO2 sensors 
have been widely used to monitor the indoor air quality. ASHRAE standard 62.1 
recommends that CO2 concentration should be maintained at less than 700 ppm above 
outdoor level. 
CO2 based DCV systems had been applied or recommended to school (Mysen et al., 
2005; Wachenfeldt et al., 2007), gymnasium (NG et al., 2011), office building (Lawrence and 
Braun, 2004; Sun et al., 2011; Yang et al., 2011), laboratory (Kalaiselvam et al., 2006), 
family house (Nielsen and Drivsholm, 2010; Mortensen et al., 2011) and multi-purpose 
facilities (Jeong et al., 2010). A common feature of these spaces is that the period of 
occupancy is all day long. However, little information is available in literature about a special 
type of spaces where the number of occupants is usually fixed but the period of occupancy is 
short. Examples of such rooms are: (1) an office room for a part-time staff who only work a 
few hours per day, (2) meeting room that is only regularly used for short morning briefing, 
(3) break room in office that is only occupied at lunch time. 
The aim of this chapter is to work out an energy saving strategy for such type of 
rooms based on time-dependent concentration of CO2. This study investigated the time-
dependent natural of the concentration of gaseous contaminants by both theoretical and 
computational fluid dynamics (CFD) approaches, and then applied this model to CO2 cases. 
Compared with existing models in literature, the new theoretical model developed in this 
study has taken ventilation effectiveness into account to avoid the “instant perfect mixing” 
assumption thus better fit actual situations. The theoretical predictions by this model fit CFD 
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simulation results very well. Based on this model, an energy saving strategy for short 
occupied rooms was then proposed. Practical example in this study shows that ventilation 
rates could be reduced to 50%~80% of the standard rates. 
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5.2 Mathematical model 
It takes time for the concentration of gaseous contaminants to reach steady state. In a 
ventilated room with sources of gaseous contaminants, the concentration continues to 
cumulate until the dilution effect of ventilation system could remove the contaminants at the 
same rate as the emission rate of the sources so that an equilibrium (or steady state) is 
achieved. The aim of ventilation is to control the concentration below a suggested standard 
during the period that people stay. Study in this part is going to work out a time-dependent 
concentration function to describe such process. The situation is illustrated in Figure 5.1. 
 
Figure 5.1 An illustration of problem concerned 
 
Let V m
3 
be the volume of a room. The air of the room is clean initially. One source 
somewhere inside the room starts to emit a kind of gaseous contaminant at constant rate of K 
kg per hour. In the same time, the ventilation system starts to turn on, providing the room 
with    m3 per hour of fresh air and takes away the same volume of contaminated air, where 
  is the air change per hour (ACH) and assumed to be a constant. This study is going to 
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deduce a theoretical model to describe the time-dependant average concentration of the 
gaseous contaminant in the room. 
Let      be the total mass in kilogram of a gaseous contaminant in the whole room at 
time t and      be the average concentration of the gaseous contaminant in the whole room. 
Therefore,  
     
    
 
                                                         
Let            be the average concentration at the ventilation outlet. Due to the uneven 
distribution of gaseous contaminant,            and      are usually not equal; however, they 
may both increase when time elapses. Ventilation effectiveness,     , is defined as 
     
          
     
                                                          
Consider the rate of change of      with respect to time: 
 
  
                                                                   
Please note that Equation 5.3 does not rely on “instant perfect mixing” assumption. 
Many articles in literature regarding mixing problems assumed that the contaminant 
concentration is the same at everywhere, and any additional input of contaminant would 
instantly and perfectly mix with the existing gas or liquid mixture. By introducing ventilation 
effectiveness (  ) into the mathematical model, Equation 5.3 has avoided the “instant perfect 
mixing” assumption and allows different concentration at different places thus better fit the 
actual situation. Volume average concentration in this model is different from perfect mixing 
concentration because the latter requires uniform concentration everywhere while the former 
one does not. 
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In order to find a simple solution for Equation 5.3, this study assume that the 
ventilation effectiveness is not function of time for a fixed room setting (i.e. fixed geometry 
and furniture layout details of the room); that is 
                                           
This assumption will be evaluated by CFD simulation results in the later section of 
this chapter. Based on this assumption, Equation 5.3 has the following analytical solution: 
   
 
  
                                 
Initially,            , it can be found that   
 
  
     . Therefore 
  
 
  
      
 
  
                          
Or 
     
 
  
                                     
Therefore 
     
    
 
 
 
   
                     
 
A typical graph of      is shown in Figure 5.2. 
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Figure 5.2 Average concentration of gaseous contaminant vs. time 
 
In the case of CO2, Equation 5.8 can be modified as Equation 5.9 because the fresh air 
inside the room at the beginning and the fresh air from the ventilation inlet ongoing already 
contain a base concentration of CO2: 
        
  
   
                                            
where    is the constant base concentration of CO2 in fresh air (nowadays approximately 400 
ppm or          kg/m3), n is the number of persons in the room, and k is the average CO2 
production rate of one person in one hour at rest state (approximately 0.036 kg/h). 
In the following section, this study will run CFD indoor simulations to evaluate the 
important assumption in Equation (5.4) and the time-dependent concentration function in 
Equation (5.8). 
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5.3 CFD simulation to support mathematical model 
5.3.1 CFD model set-up 
The CFD model of this study was designed to be a typical office room in dimensions 
of                         (Figure 5.1). CFD simulations had been run under six 
cases in Table 5.1 which is the combinations of  three different ventilation schemes in Figure 
5.3 and two different air change per hour (    and    ). 
 
Figure 5.3 A typical office room under three ventilation schemes 
 
Table 5.1 Six cases of CFD simulation 
 Mixing ventilation #1 Mixing ventilation #2 Displacement 
ventilation 
    Case 1 Case 2 Case 3 
    Case 4 Case 5 Case 6 
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Some details of geometry are as follows: the bookshelf is 1.0m(L)×0.5m(W)×2.0m(H). The 
sedentary human model, which is in size of an adult man with nose height at 1.15m and a 
shoulder width of 60cm, is seating near a desk with sizes of 1.5m(L)×0.9m(W)×0.7m(H). 
The computer case is 0.40m×0.36m×0.10m while the LCD screen is 0.55m×0.36m×0.03m. 
The inlet in mixing ventilation scheme #1 and #2 in Figure 5.3 is a circular frustum of 
inverted cone which blows fresh air into the room in directions normal to its side surface. The 
outlet in mixing ventilation #1 is 0.5m×0.15m in size at the bottom corner of the front wall 
while the outlets in mixing ventilation #2 and displacement ventilation are 0.4m×0.4m 
squares on the ceiling. 
Unstructured mesh is adopted in this study (Figure 5.4). Inflation layers (prisms) are 
generated around heat sources, while tetrahedrons fill out the room space. The total numbers 
of mesh elements are about 1.1 million for all six cases in Table 5.1. 
 
Figure 5.4 Mesh of models 
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There are two contaminant sources: the bookshelf, which is emitting formaldehyde, 
and the human’s chest area, which is emitting body odor, which is a mixture of various 
volatile organic compounds (VOCs). Assume VOC1 represents one of the compounds with 
heavy molar mass while VOC2 represents another compound with much lighter molar mass. 
The kinetic diffusivities of formaldehyde, VOC1 and VOC2 are1.9×10
-5
 m
2
/s, 3.0×10
-6
 m
2
/s 
and 1.8×10
-5
 m
2
/s respectively. Please note that the diffusivity of VOC2 is six times as much 
as diffusivity of VOC1. In order to compare the diffusion and transport behaviours of VOC1 
and VOC2, this study assumes that the emission rates of these two compounds are all equal to 
1.0×10
-9
 kg m
2
/s. Other boundary conditions are: (i) the fluid material is set as “Air Ideal 
Gas” with buoyancy reference density of 1.185 kg/m3; (ii) walls, ceiling and floor are all set 
as fixed temperature at 25
o
C; (iii) air temperature from the inlet is also set as 25
o
C; (iv) all 
heat sources and their heat loads are summarized in Table 5.2. 
 
Table 5.2 Heat sources in the CFD model 
Heat source Heat load(W) 
Human 
Computer 
Lights 
70 
130 
     
 
The commercial program CFX in ANSYS 14.5 has been chosen to run CFD 
simulations for all six cases. Due to very low pollutant concentrations in this study, the 
transport of pollutants is assumed to be controlled by the airflow thus the existence of 
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pollutants in the air has no effect on the airflow field. Both formaldehyde and CO2 are 
modelled by additional variables in CFX-Pre and transport equation for additional variable 
has been chosen, which has a form of 
     
  
                        
where ρ is the mixture density in mass per unit volume, which approximately equals to the air 
density due to the very low pollutant concentration. Φ is the pollutant quantity per unit 
volume while ϕ = Φ/ρ is the pollutant mass concentration.    is the volumetric source term 
of the pollutant, and    is the kinematic diffusivity of the pollutant through the air. 
The Re-Normalisation Group (RNG) k-ε model was regarded as the most accurate 
model for indoor airflow computation amongst eight different turbulence models investigated 
by Chen (Chen, 1995), and was selected as turbulence model by this study for all six 
simulation cases. 
Transient simulations had been run for three hours in Case 1~3 and one hour in Case 
4~6 with each time step being set to be 0.1~0.5 second. CFD validation was carried out on a 
similar but simpler geometry setting as described in Chapter 3. 
 
 
5.3.2 CFD simulation results on ventilation effectiveness 
Simulation results were used to examine the important assumption in Equation (5.4). 
The ventilation effectiveness defined by Equation (5.2) has been calculated for all six cases in 
Table 5.1 and for all three gaseous contaminant. The results are shown in Figure 5.5. 
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Figure 5.5 Comparison of ventilation effectiveness under different conditions 
There are some interesting findings from Figure 5.5. Firstly, the      curves of VOC1 
and VOC2 are almost identical in each of six cases. These two body odor compounds were 
emitted from the same place (i.e. the human’s chest area) at the same emission rate. The only 
difference is in their diffusivities: the diffusivity of VOC2 is 6 times as much as the 
99 
 
 
 
diffusivity of VOC1. However, such a huge difference in their diffusivities (which are 
positively related to their molar mass) cannot create any significant difference in their 
corresponding ventilation effectiveness. This means that the ventilation effectiveness does 
not depend on the type/kind of gaseous contaminant. This finding supports conclusion of 
Chapter 4. 
Secondly, the       curves of VOC1 and formaldehyde are not the same in each of six 
cases. As VOC1 and formaldehyde were emitted from different locations in the room, thus 
the ventilation effectiveness of particular gaseous contaminant depends on the location of 
contaminant source. However, under mixing ventilation schemes (Case 1, Case 2, Case 4 and 
Case 5), the       curves of VOC1 and formaldehyde are approaching the same level when 
time increases. It appears that mixing ventilation schemes can minimize the dependency of 
ventilation effectiveness to the location of contaminant source. 
Thirdly, Ventilation effectiveness depends on ventilation scheme. The      values in 
displacement ventilation scheme (Case 3 and Case 6) are all greater than the      values in 
mixing ventilation schemes (Case 1, Case 2, Case 4, and Case 5). 
Fourthly, by comparing the       curves of any specific gaseous contaminant in Case 
2 vs. Case 5, and then Case 3 vs. Case 6, it is found that the ventilation effectiveness depends 
on air change per hour (i.e. α value). For example, the      value of VOC1 approaches 1.1 
when α=1, but will decrease to about 0.7 when air change per hour increase to α=6. 
Finally, ventilation effectiveness is time-dependant because all      curves in Figure 
5.5 are not horizontal line. However, significant changes only occur at early stage, and then 
all curves will tend to go horizontally when time elapses. The theoretical concentration 
functions in Equation (5.8) and (5.9) rely on an important assumption in Equation (5.4) (i.e. 
ventilation effectiveness is a constant). According to simulation results of six cases in this 
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study, this important assumption is not true, but can be treated as an approximation when 
time elapses. Estimated values of ε for VOC1/VOC2 when     are listed in Table 5.3 and 
will be used in theoretical predictions in the following section. 
 
Table 5.3 Estimations of ventilation effectiveness at steady state (   ) 
          
Case 1 1.0 
Case 2 1.1 
Case 3 1.8 
Case 4 0.9 
Case 5 0.7 
Case 6 1.6 
 
 
5.3.3 CFD results vs. theoretical predictions 
Concentration of VOC1/VOC2 had been selected here to show that theoretical 
predictions by Equation (5.8) were in good agreement with CFD simulation results (Figure 
5.6). Substitutions in Equation (5.8) are:                     ,           
(volumes of interior items deducted), ε from Table 5.3, and                or   
             . 
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Figure 5.6 Average concentration of VOC1/VOC2 in the room – predictions vs. simulations 
It is found that the theoretical predictions fit the CFD results very well in all mixing 
ventilation cases (percentage differences are generally less than 5%). For two displacement 
ventilation cases, discrepancies are relatively larger (particularly in Case 3 when t is less than 
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15 minutes). However the final trends in Case 3 and Case 6 meet the theoretical prediction in 
a long run. 
Equation (5.8) relies on the assumption in Equation (5.4), which has been evaluated 
by CFD results in Section 5.3.2. The findings in this section further prove that the assumption 
in Equation (5.4), though not strictly true, works very well via Equation (5.8) to predict 
average concentration of gaseous contaminant in indoor environment. Before applying 
Equation (5.8), the ventilation effectiveness at steady state       in that particular setting 
need to be found by CFD simulation. For industry practice without using CFD, the constant 
ventilation effectiveness in Equation (5.4) could be estimated from similar cases in Table 5.3. 
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5.4. An energy saving ventilation strategy for short 
occupied rooms based on time-dependent concentration 
of CO2 
5.4.1 Mathematical model 
Let’s think about an office space of V m3 with n occupants. CO2 concentration will 
cumulate overtime. A standard ventilation rate will ensure that CO2 concentration would not 
exceed 700 ppm plus outdoor level in steady state (i.e.    ). However, such standard 
ventilation rate may be large and result in wasting energy in the case of short occupancy 
because the CO2 concentration may be far below 700 ppm when the occupants leave the 
room. This issue is illustrated in Figure 5.7. 
 
Figure 5.7 Standard ventilation rate results in waste of energy for short occupied space 
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The best ventilation rate is such that CO2 concentration just touchs 700 ppm above 
outdoor level when occupants leave the room. This issue is illustrated in Figure 5.8. 
 
Figure 5.8 Best ventilation rate depends on actual occupancy 
Let the left hand side of Equation (5.9) be           kg/m3 (i.e. 700 ppm) and k 
equals to 0.036 kg/h, thus obtains: 
  
     
  
                                          
When the actual length of occupancy (t) is known, the minimum air change rate can 
be calculated from Equation (5.10), which is a transcendental equation and has no analytical 
solution for   but approximate solution can be obtained by using graphic calculator or 
Microsoft Excel. Particularly when the room is occupied for a long time, the situation can be 
viewed as steady state, and then the required air change per hour (ACH) for steady state can 
be calculated in the following: 
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Re-arrange Equation (5.10) to make t the subject thus obtain: 
  
    (  
   
     )
  
                               
Based on Equation (5.12),     graph of Equation (5.10) is sketched in Figure 5.9: 
 
Figure 5.9 Minimum air change per hour (ACH) vs. length of occupancy 
 
It is found that ventilation can be switched off if the period of occupancy is less than 
 
     ⁄  hours, and the minimum ventilation rate could be significantly lower than the 
standard ventilation rate in Equation (5.10) if the period of occupancy is short. 
 
5.4.2 Assumption of ventilation purge 
For the reason of sustainability, it is necessary to assume that CO2 level would drop to 
outdoor background level before the beginning of every working day. This assumption is 
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usually true for most buildings where the operational schedules include pre-occupancy purge 
of fresh air into the building prior to the start of the day. Use of pre and post occupancy 
ventilation purge is recommended as a good engineering practice. 
A large building usually has hundreds of rooms, and short occupied rooms are just a 
small proportion. Because ventilation purge is a compulsory routine for the whole building, 
the energy consumption during the period of ventilation purge is regarded as a kind of overall 
cost in the maintenance of whole building, therefore should not be considered as an extra cost 
of the saving strategy in this study. 
Mathematical model of ventilation purge can be deduced from Equation (5.5). By 
setting the following initial conditions: K = 0 (occupants have left during purge period so no 
emission), x = x0 when t = 0 (x0 is the amount of contaminants at the beginning of ventilation 
purge), it can be obtained: 
 
  
                              
For example, let     (approximation in mixing ventilation),     (air change per hour 
during the period of ventilation purge),     (length ventilation purge is 1 hour), then 
 
  
                        
Therefore after just one hour of ventilation purge, the remaining amount of contaminants 
would drop to less than 5% of original value. This can satisfy the need of most situations. 
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5.4.3 Practical examples 
Let’s apply the above theory to actual situations. 
Practical example #1 – an office room of a part-time staff 
Part-time employees are very common in business world nowadays. Suppose a 
company hires a part-time accountant who works 4 hours per day. The accountant’s office 
room is: 5m(L) x 4m(W) x 2.8m(H), which has a mixing ventilation system similar to #1 in 
Figure 5.3 thus the ventilation effective is approximately 1.0 (Table 5.3). Also assume the 
body odor level drops to zero every morning before the accountant enters the room due to pre 
and post occupancy ventilation purge. 
In Equation (5.10), let    ,       ,     and      m3 then we obtain 
                                                 
This equation has no analytical solution but approximate solution can be obtained: 
           
However, if this room were to be occupied by a full-time staff who works for 8 hours 
per day, approximate solution air change per hour would be: 
           
The air change per hour for steady state by Equation (5.11) is:  
           
It is found that 
    
    ⁄        and 
    
    ⁄       . It concludes that 
ventilation rate can be adjusted to a significantly lower level (about 80%) than the standard 
rate for the office room of a part-time staff. 
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How about if the part-time employee stays less than or more than 4 hours? Let     
and      m3 in Figure 5.9, it is found that ventilation system can be switched off if the 
employee only stays less than 2.1 hours every day. If the employee only stays 3 hours every 
day, it can be obtained that                         .  
 
Practical example #2 – meeting room 
Almost all companies have a meeting room in their office space but do not use it for a 
long time. Suppose a small company has 10 people; they always have a 30-minute meeting 
every morning to briefly exchange information and make daily plan. The meeting room is 
7m(L) x 5m(W) x 2.8m(H) with mixing ventilation system similar to #2 in Figure 2.7 thus the 
ventilation effective is approximately 0.9. Assume the body odor level drops to zero every 
morning before the accountant enters the room due to pre and post occupancy ventilation 
purge. 
In Equation (5.10), let     ,       ,       and      m3 then we obtain 
                                                    
This equation has a numerical solution: 
             
The air change per hour for steady state by Equation (5.11) is:  
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It is found that 
      
    ⁄       . Therefore energy could be significantly saved 
if ventilation rate is reduced to about half of the standard rate without compromising the 
indoor air quality. 
How about if the morning briefing is not 30 minutes? Let      and      m3 in 
Figure 5.9, it is found that ventilation system can be switched off if the meeting is less than 
22 minutes (0.37 hours). If the morning briefing lasts 45 minutes,               
             . If the meeting lasts 1 hour,                         
 
In summary of practical examples, the best/minimal ventilation rate could be adjusted 
to a significantly lower level than the standard rate for some short occupied rooms without 
compromising on the indoor air quality. 
 
 
5.4.4 Some thoughts about 80% odor satisfaction rate in ASHRAE 
Standard 62-1 
 The energy saving strategy in this chapter has adopted the recommendation in 
ASHRAE standard 62.1 that CO2 concentration should be maintained at less than 700 ppm 
above outdoor level. At this level (according to ASHARE Standard 62-1), a substantial 
majority (80% or more) of the people (visitors from outside, not the existing occupants who 
have already got used to their odours) exposed do not express dissatisfaction. 
It is arguable whether 80% is a reasonable standard for satisfaction because there are 
still 20% people dissatisfied. Actually in the science of statistics, 95% is a default standard 
for satisfaction. Some concepts such as “95% confidence interval” and “5% significant level” 
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are frequently used not only in statistics but also nearly all research fields. It looks like that 
ASHRAE has set a low standard on odor satisfaction rate. 
However, higher odor satisfaction rate means higher ventilation rate thus higher energy 
consumption. A balance should be found between higher odor satisfaction rate and lower 
energy consumption. A question thus arises here: 
How much percentage of increase in ventilation is needed to improve the odor 
satisfaction rate from 80% to 95%? 
A mathematical relationship between satisfaction rate (or dissatisfaction rate) and 
ventilation rate is needed to answer this question. Fanger (1988) deduced a the following 
formula: 
              
     
                          
where PD is percentage of dissatisfied and C is perceived contaminant quality in decipol 
(Fanger 1988). 
 
 
Make C the subject in Equation 5.17, we obtain 
  (
    
   
   
   
)
 
                         
Let C20 be the C value when dissatisfaction rate is 20% and C5 be the C value when 
dissatisfaction rate is 5%. Substitute into Equation 5.18, we obtain 
   
  
 
     
     
                                 
Let V20% be the ventilation rate when dissatisfaction rate is 20% and V5% be the 
ventilation rate when dissatisfaction rate is 5%. Assuming odor contaminants are generated 
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solely inside the room, the ventilation rate is inversely proportional to C according to mass 
conservation in the process of ventilation dilution. Therefore, 
   
    
     
   
  
                             
This means that the ventilation rate needs to be increased by 3.6 times in order to 
make dissatisfaction rate drops from 20% to 5%. The change in ventilation rate is consistent 
with the change in dissatisfaction rate as illustrated by Equation 5.20. 
However, Equation 5.20 could show a quite different picture if it is interpreted from 
another perspective: 3.6 times increase in ventilation rate is a huge increase in energy 
consumption, but only achieves 18.75% increase in satisfaction rate (note: (95%-80%)/80% = 
18.75%). It seems not worth doing it. 
Although 80% is not a well-accepted standard for satisfaction rate in most scientific 
fields, it is reasonable in ASHRAE standard 62-1 because it has achieved a balance between 
higher odor satisfaction rate and lower energy consumption. 
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5.5 Summarizing Remarks 
1. According to CFD simulations in this study, ventilation effectiveness in an indoor 
space of fixed geometry is not a fixed value; it is still affected by location of 
contaminant source, elapsed time and ventilation rate (or air change per hour). 
However, ventilation effectiveness is not affected by the type of gaseous contaminant 
in a normally ventilated room. 
2. Although the assumption that ventilation effectiveness is a constant with respect to 
time is not true, it works very well in our mathematical model to describe time-
dependent concentration of gaseous contaminant in ventilated indoor environment. 
3. By introducing ventilation effectiveness (ε) into the mathematical model, Equation 
(5.8) has avoided the “instant perfect mixing” assumption thus better fit the actual 
situation of mixing problems. Supported by CFD simulations in this study, the 
equation seems to be quite good to describe time-dependent concentration of indoor 
gaseous contaminants. 
4. According to calculations of particle examples in this study, the best/minimal 
ventilation rate could be adjusted to a significantly lower level than the standard rate 
for some short occupied rooms without compromising on the indoor air quality. 
This study does not aim to advocate a new ventilation strategy for industrial practice at 
this stage. Instead, all points of this study are limited to academic discussion. Ventilation 
standards such as ASHRAE 62.1 and CEN Standard EN15251 have been revised many times 
in the past decades, and it is hard to say that the current versions would be the final. As the 
length of occupancy has not been fully considered in current versions of ventilation 
standards, this study might stimulate more discussions on this issue, and might be reflected in 
the future versions of ventilation standards. 
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CHAPTER 6 
Numerical study of the effects of 
furniture layout on indoor air quality 
under typical office ventilation schemes 
 
 
6.1 Introduction 
Indoor air quality (IAQ) is an important concern as people are spending more time 
indoors than ever with many spending 80% to 90% of their lifetime indoors (Gee, 2001). 
Indoor air quality can be measured by absolute value of contaminant concentration (Yang et 
al., 2009), and also can be measured by relative indicators such as air age (Buratti et al., 
2011; Li et al., 2003) and ventilation effectiveness (Coffey and Hunt, 2007; Pereira et al., 
2009; Rim and Novoselac, 2010). Larger ventilation rate (air change per hour) would reduce 
pollutant concentration and improve IAQ, but in the same time would consume more energy 
and create stronger indoor airflow that might cause discomfort to some occupants. Therefore, 
a balanced solution needs be considered. 
Due to the fact that airborne contaminants are distributed unevenly in the room, 
ventilation effectiveness provides a key to the balanced solution because what really matters 
is the contaminant concentration at breathing zone. Ventilation effectiveness is the ratio of 
the concentration of contaminant in the ventilation outlet to the concentration of contaminant 
in the breathing zone (Rim and Novoselac, 2010) and has a form of 
    
       
               
    (6.1) 
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where C represents contaminant concentration at different locations. For given ventilation 
rate (i.e. fixed energy consumption of ventilation) combined with given pollutant emission 
rate, the concentration of pollutant at the ventilation outlet is a constant regardless of other 
conditions due to mass conservation. However, the concentration of pollutant in breathing 
zone might be significantly affected by other conditions such as position of pollutant source, 
interior furniture arrangement, and the details of ventilation system (including the basic 
ventilation scheme, positions of inlet and outlet, and diffusor type). Therefore at least two 
approaches exist to improve air quality in breathing zone while keep energy consumption of 
ventilation unchanged: (1) manipulate details of ventilation system, or (2) change interior 
arrangement such as location of pollutant source, sitting position, and overall furniture layout. 
The majority of published articles on this issue pertain to the first approach. Although many 
researchers claimed that displacement ventilation scheme is generally better than mixing 
ventilation scheme in terms of ventilation effectiveness (Lin et al., 2005; Zoon et al., 2011), 
some others found that displacement ventilation scheme is not always better than mixing 
ventilation scheme in some situations such as in a large public transport interchange (Lin et 
al., 2006) or when the outlet is at lower height (Yi et al., 2009). For a given ventilation 
scheme, ventilation effectiveness may be significantly affected by inlet or outlet positions 
(Lee et al., 2009; Xamán et al., 2009; Xing et al., 2001). Different types of diffusor may also 
have strong influences on ventilation effectiveness (Zhang et al., 2009) even though basic 
ventilation scheme and positions of inlet/outlet remain the same. Some researchers 
recommended stratum ventilation scheme (Tian et al., 2010) as a better option because fresh 
air is horizontally blown into the room at occupant’s breathing height, while some others 
proposed personalized ventilation scheme (Halvonova and Melikov, 2010; Li et al., 2010) 
which supplies fresh air directly to occupant’s breathing zone. It is also found that the size of 
pollutant particle might affect performance of ventilation system. A certain ventilation 
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scheme might have better ventilation effectiveness than another ventilation scheme when 
particle size is small, but might have worse ventilation effectiveness when particle size is 
large (Pereira et al., 2009; Rim and Novoselac, 2010). Due to many contradictory results in 
literature, the effects of ventilation system on ventilation effectiveness remain extremely 
complex and unclear. There seems no universally “best” ventilation system which can 
achieve optimal ventilation effectiveness under any situation. Solution must be worked out 
case by case by considering all factors in the ventilation system. 
In reality, however, most companies have no building of their own thus have to rent 
office rooms in large office buildings. They have no right to change ventilation system in 
their office rooms but to accept whatever existing. An important issue thus arises: how to 
improve ventilation effectiveness under given ventilation system? The aforementioned 
second approach is considered. 
Adjusting the location of pollutant source is an option (Rim and Novoselac, 2010), 
while changing occupant’s position is another choice (Xamán et al., 2009). Some researchers 
claimed that room furniture has great influence on the indoor airflow and pollutant 
distribution (Cheong et al., 2003; Cheong and Phua, 2006; Mortensen et al., 2008), while 
some others ranked furniture arrangement and occupant position as the lowest impact factors 
to indoor air quality as long as they do not obstruct airflow in a large office room (Lau and 
Chen, 2007). In all of these researches in literature, however, the impact of furniture layout 
on ventilation effectiveness has not been particularly investigated; it is just a subsidiary topic 
in discussions of how ventilation schemes and other factors may affect indoor airflow, 
temperature and pollutant distributions. 
A few researchers had done particular investigation upon the effects of positions of 
contaminant source and occupied region. Li and Zhao (2004) proposed two indices 
(accessibility of supply air and accessibility of contaminant source) to measure the relative 
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effects of spread of supply air or contaminant in a 2-D space; Zhang et al. (2006) further 
developed these ideas into a novel concept called spatial flow influence factor (SFIF), which 
tried to obtained optimal interior arrangement via mathematical approach. However, the 
feasibility of such theoretical approach is in doubt due to complexity of this issue. 
Due to the fact that most office users cannot manipulate ventilation system to improve 
air quality in breathing zone, and due to the lack of published articles in literature which 
particularly focus on influence of furniture layout on ventilation effectiveness, this paper is 
doing necessary research on this issue. In this study, a validated CFD model is applied to a 
typical office room under twelve different combinations of furniture layout and ventilation 
scheme. Results show that furniture layout is an important factor in ventilation effectiveness, 
and the quality of air in breathing zone can be significantly improved by adjusting furniture 
layout without making any change in ventilation system. 
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6.2 Methodology 
This article applied experimentally validated Computational Fluid Dynamics (CFD) 
model to investigate formaldehyde distribution in a typical office room under different 
combinations of furniture layout and ventilation scheme. Three typical furniture layouts in 
Figure 6.1 and four typical ventilation schemes in Figure 6.2 have been chosen, which make 
twelve combinations (i.e. twelve cases) in Table 6.1.  
 
 
Figure 6.1 Three typical layouts of office room 
 
Table 6.1 Twelve cases of this study. 
 Layout A Layout B Layout C 
MV1 A-MV1 B-MV1 C-MV1 
MV2 A-MV2 B-MV2 C-MV2 
DV1 A-DV1 B-DV1 C-DV1 
DV2 A-DV2 B-DV2 C-DV2 
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Figure 6.2 Four ventilation schemes (in Layout B as examples) 
 
The office room in this study is 4.0m(L)×3.2m(W)×2.8m(H) in size while the 
bookshelf is 1.0m(L)×0.5m(W)×2.0m(H) (Fig. 6.1 and Fig. 6.2). The sedentary human 
model, which is in size of an adult man with nose height at 1.15m and a shoulder width of 
60cm, is seating near a desk with sizes of 1.5m(L)×0.9m(W)×0.7m(H) (Fig. 6.3). The 
computer case is 0.40m×0.36m×0.10m while the LCD screen is 0.55m×0.36m×0.03m. A 
cylindrical momentum source of 0.10m(D)×0.10m(L) is placed in the computer case to 
simulate the computer cooling fan that inhales air in the front and blows hot air in the rear. A 
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square directional diffusor of 0.3m × 0.3m (Fig. 6.2) is applied to all mixing ventilation 
schemes (i.e. MV1 and MV2 in Fig. 6.2) while a simple rectangle inlet of 0.4m×0.3m in the 
middle of the base line of left wall is applied to all displacement ventilation schemes (i.e. 
DV1 and DV2 in Fig. 6.2). The outlet in MV1 is 0.5m×0.15m in size at the bottom corner of 
the right wall (at the bottom of the door for many office rooms), while the outlets in MV2, 
DV1 and DV2 are 0.4m×0.4m in size at different positions on the ceiling (the center of outlet 
of MV1 is 1m from right wall, while the centers of outlets of DV1 and DV2 are 0.3m to left 
wall and right wall respectively). 
 
 
Figure 6.3 Details of human model, desk, chair and computer 
 
The bookshelf is assumed to be a new piece of furniture, which is emitting 
formaldehyde (one of common VOCs associated with new furniture) and is selected as a 
representative of some common pollutant sources in office room. CFD simulations were run 
for all twelve cases, and ventilation effectiveness of all cases were calculated and compared. 
Through the comparison the results of different cases, the effects of furniture layout on 
indoor air quality in breathing zone (i.e. ventilation effectiveness) were expected to be found. 
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The commercial program CFX in ANSYS 13.0 has been chosen to run CFD simulations for 
all twelve cases. This commercial program has incorporated many thermal dynamics 
equations and models, some of which need to be selected in CFX-Pre according to conditions 
and requirements of this particular study. 
Due to very low pollutant concentrations in this study (formaldehyde about 10
-7
 kg/m
3
 
and CO2 about 1.0×10
-3
 ~2.0 × 10
-3
 kg/m
3
), the transport of pollutants is assumed to be 
controlled by the airflow thus the existence of pollutants in the air has no effect on the airflow 
field. Both formaldehyde and CO2 are modelled by additional variables in CFX-Pre and 
transport equation for additional variable has been chosen (refer to Equation 3.10 in Chapter 
3). The Re-Normalisation Group (RNG) k-ε model was selected as turbulence model by this 
study. 
Unstructured mesh is adopted in this study. Inflation layers (prisms) are generated 
around heat sources, while tetrahedrons fill out the room space. The total numbers of mesh 
elements are around 1.8 ~ 2.2 million for twelve different cases in Table 6.1. 
Boundary conditions were set in ANSYS 13.0 CFX–Pre. The fluid material is set as 
“Air Ideal Gas” with buoyancy reference density of 1.185 kg/m3. Turbulence model is set as 
RNG κ-ε. Walls, ceiling and floor are all set as fixed temperature at 25oC. Air change rate is 
400% per hour, thus air speed at inlet is set as 0.44 m/s for all mixing ventilation cases and is 
set as 0.32 m/s for all displacement ventilation cases. Air temperature from the inlet is set as 
25
o
C. All heat sources and their heat loads are summarized in Table 6.2. 
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Figure 6.3.1 Mesh in 3-D view 
 
Table 6.2 Heat sources in studied cases. 
Heat source Heat load(W) 
Human 
Computer 
Lights 
70 
130 
     
 
The bookshelf is assumed to be new and emits formaldehyde, which is set as an 
additional variable (scalar) with a kinematic diffusivity of 1.9×10
-5
 m
2
/s. It is found that 
different building/furniture materials may have different formaldehyde emission rates with 
order of magnitude ranging from 1.0×10
-10
 to 1.0×10
-8
 kg/(m
2
s) (Kim et al., 2010). This study 
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set 1.0×10
-9
 kg/(m2s) as formaldehyde emission rate for the bookshelf, and total 
formaldehyde-emitting area is 3.5m
2
. In fact, the accuracy of emission rate is not important in 
this study because this study is only concerned about ventilation effectiveness, which is the 
ratio of two concentrations at two different places and does not depend on absolute value of 
pollutant emission rate. Transport equation for additional variable has been chosen for the 
computation of formaldehyde diffusion in the room. 
The cylindrical momentum source in the computer case, which models the computer 
cooling fan, is one of the special features of this study. To the best of our knowledge, there 
seems no article in literature about modelling a computer fan in CFD indoor simulations. It is 
also very hard to find experimental data in literature about how much air flows through an 
ordinary computer case. However, specifications of computer fans can be easily found by 
visiting seller’s websites of computer accessories in google search. Airflow-creating ability of 
a computer fan is usually measured by CFM (cubic feet per minute), which is usually ranged 
from 4CFM to more than 80CFM according to our google search. Therefore the boundary 
condition of the cylindrical momentum source in our study was set in such a way that ensures 
the airflow through the computer case is equivalent to 10CFM as a typical value. The issue of 
the effects of computer fan on indoor air flow and air quality will be investigated in our 
future study. 
For the solver control, residual target is set as 1E-4 and conservation targets for 
additional variable (i.e. formaldehyde in this study) and Energy are set as 0.01. At least 6000 
iterations are needed for each of twelve cases in this study. 
Validation of CFD method has been done in Chapter 3. 
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6.3 Results and discussions 
 
6.3.1 Airflow fields of three sample cases 
This study has run twelve cases of CFD simulation, and the results on airflow, 
temperature and formaldehyde distribution fields have been obtained. Due to limited space of 
this journal article, three cases (A-DV2, B-DV2 and C-DV2 in Table 6.1) under the same 
ventilation scheme (DV2 in Fig. 6.2) are selected here as examples to show that change in 
furniture layout will affect airflow field, temperature field and formaldehyde concentration 
field. 
The airflow field of Case A-DV2 on the middle vertical plan (y=1.60m), which is 
shown by Figure 6.4(a), was sampled for discussion. In this case, the inlet is at the bottom of 
the left wall while the outlet is on the ceiling near the right wall. Both pollutant source (i.e. 
the bookshelf) and human model are in the left part of the room, where a clock-wise eddy can 
be identified here, which tends to trap formaldehyde in the left part of the room for some time 
before driving it to the ceiling along the left wall. In the middle part of the room, an anti-
clock-wise eddy can be seen, which might have an effect of slowing down the transport of 
formaldehyde to the right part of the room by holding it for some time and then pushing it to 
the ceiling first. In the right part of the room, the airflow from the inlet hits the right wall and 
rebounds to form a small anti-clock-wise eddy above ground. However an overall upward 
airflow pattern in the right part of the room is very clear, which enables pollutant as well as 
heat to be ventilated from the outlet in the ceiling of this part of the room.  
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Figure 6.4 Comparison of airflow fields on the middle vertical plan (y=1.60m) 
 
Correspondingly, the airflow field of Case B-DV2 on the middle vertical plan (y-
1.60m) is shown by Figure 6.4(b). The positions of inlet and outlet are the same as those of 
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previous case (i.e. A-DV2), but positions of furniture and human model are all changed (refer 
to Figure 6.1 and Figure 6.2) with the pollutant source (i.e. the bookshelf) being moved to the 
right part of the room. Compared with the airflow field of the previous case (Figure 6.4(a)), 
the airflow field of this case (Figure 6.4(b)) still shows an eddy in the left part of the room but 
the direction changes from clock-wise to anti-clock-wise, which has an effect of resisting 
formaldehyde transport from the right to the left. In the middle part of the room, there is no 
longer an eddy but a broad rising airflow that performs as a “firewall” to slow down the 
transport of formaldehyde from the right to the left by blowing it to the ceiling first. The 
buoyance by the hot computer as well as the hot screen near the middle part of the reference 
vertical plan (y=1.60m) in Layout B (refer to Fig.6.1) may be the important driving force of 
the broad rising airflow here. In the right part of the room where the pollutant source (i.e. 
bookshelf) and outlet are located, the airflow is more complicated than that of the previous 
case. The airflow from the inlet hits the right wall and rebounds to form a small anti-clock-
wise eddy above ground. However, other small eddies of different directions also exist in this 
area; it is very hard to identify any overall pattern in the right part of the room. Referring to 
the magnitude and direction of velocity vectors in Figure 6.4(b), it seems that small 
proportion of airflow in this region can directly goes to the ventilation outlet in the right side 
of the ceiling while large proportion of airflow will travel to the left and join the broad rising 
airflow in the middle part of the room before being blown to the ceiling. 
The airflow field of Case C-DV2 on the same reference plan (y=1.60m) is shown by 
Figure 6.4(c). The positions of inlet and outlet are the same as those of the two previous cases 
(A-DV2 and B-DV2), but positions of furniture and human model are all changed (refer to 
Figure 6.1) with pollutant source (i.e. the bookshelf) in the left and human in the right but on 
difference side of the reference plan (y=1.60m). Although no systematic eddy can be seen in 
either the left or the middle part of the vertical plan, a broad S-shape downward airflow 
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pattern in the left and the middle parts is very clear. The airflow from the inlet hits the left 
side of the desk and then goes up to join the horizontal airflow on the top of the desk before 
converging with the strong rising flow near the right wall that is driven by the buoyance 
effect of the hot computer. Those red-colored vectors in the middle of the computer case 
represent airflow from the simulated computer fan. Considering the pollutant source (i.e. the 
bookshelf) in the left part of the room and the human model in the right part of the room, the 
overall airflow pattern of Case C-DV2 creates a situation that the pollutant source is in the 
upstream and the human model is in the downstream. Such effect may increase formaldehyde 
concentration around the human model. However, due to the fact that the pollutant source and 
the human model are in different sides of the reference vertical plan (y=1.60m), the strong 
rising airflow on the reference plan and between the hot computer and the ventilation outlet 
right above creates a vacuum-cleaner effect that attracts formaldehyde from the bookshelf 
side and propels it out of the room immediately, thus will reduce the chance for formaldehyde 
being transported to the human model side. 
Let’s put all these information together and compare. Due to the closeness of the 
pollutant source (i.e. the bookshelf) to the human model in Case A-DV2, and the absence of 
“firewall” or vacuum-cleaner effect in airflow field around the human model, it can be 
expected that the formaldehyde concentration in human’s breathing zone in Case A-DV2 
would be the worst amongst three cases. The distance between the pollutant source and the 
human model is almost the same for Case B-DV2 and Case C-DV2, and buffering 
mechanism presents in airflow fields of both cases (i.e. “firewall” in Case B-DV2 and 
vacuum-cleaner effect in Case C-DV2). However, due to the fact that the human model in 
Case C-DV2 is in the downstream of the overall airflow pattern with respect to the pollutant 
source, formaldehyde concentration in human’s breathing zone in Case C-DV2 would be 
expected to be larger than that of Case B-DV2 (but still lower than that of Case A-DV2 due 
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to the longer distance from pollutant source to human model as well as the vacuum-cleaner 
effect in airflow of Case C-DV2). These expectations have been proved by the simulation 
results of concentration fields as well as ventilation effectiveness in the upcoming sections of 
this article. 
In summary, the comparison of airflow fields on the same reference plan (y=1.60m) 
for three sample cases (Layout A, B and C under the same ventilation scheme DV2) shows 
that the changes in furniture layout may cause significantly changes in airflow field, which 
will further affect pollutant distribution and ventilation effectiveness in the typical office 
room of this study. 
 
 
6.3.2 Temperature fields of three sample cases 
The temperature fields on the middle vertical plan (y=1.60m) for Case A-DV2, Case 
B-DV2 and Case C-DV2 are displayed by Figure 6.5(a)~(c) respectively. These three graphs 
are very similar in terms of positive vertical gradient in temperature field caused by 
buoyance. In these three cases, cool air comes into the room from the bottom of the left wall, 
and then is heated by internal heat sources (i.e. the computer set and human model).  The 
heated air then goes up due to buoyance, and converges with air heated by two lamps on the 
ceiling. Despite of the similarity of three graphs, some differences, even though not 
remarkable, can also be identified. 
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Figure 6.5 Comparison of temperature fields on the middle vertical plan (y=1.60m) 
 
The differences in temperature fields of these three sample cases would be more clear 
if the reference plan changes. Figure 6.6(a)~(c) show temperature fields of these three sample 
cases on the horizontal breathing plan (z=1.15m). Three hot areas can be seen around the 
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human’s head, the computer set, and at the intersection between the breathing plan and the 
concave-up trajectory of hot airflow coming from the computer fan. Changes in furniture 
layout will move the locations of these three hot regions on the temperature contour, thus will 
certainly affect the overall airflow field, pollutant distribution and ventilation effectiveness. 
 
Figure 6.6 Comparison of temperature fields on the breathing plan (z=1.15m) 
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6.3.3 Formaldehyde concentration fields of three sample cases 
 
The formaldehyde concentration field of Case A-DV2 on the middle vertical plan 
(y=1.60m) is shown by Figure 6.7(a). This graph exhibits a slant gradient pattern: 
formaldehyde concentration is higher near the left wall and the ceiling but is lower at the 
right wall and the floor. A high-concentration center is found at human’s breathing height in 
the left part of the room. Such pattern is in agreement with our airflow results and discussions 
on Case A-DV2: a clock-wise eddy in the left part of the room tends to trap formaldehyde in 
this area for a certain period of time before driving it to the ceiling along the left wall, and the 
second eddy in the middle part of the room may slow down the transport of formaldehyde 
from the left to the right by pushing it to the ceiling first; fresh air from the inlet travels from 
the left to the right along the floor and then hit and spread along the right wall, making the 
floor and the lower part of the right wall being lower concentration zones of formaldehyde. 
The formaldehyde concentration field of Case B-DV2 on the middle vertical plan 
(y=1.60m) is shown by Figure 6.7(b). This graph shows a high-concentration center in the 
middle part of the room at breathing height, but the magnitude is much less than the high-
concentration center in previous case. The location of formaldehyde concentration center in 
the middle part of the room in Case B-DV2 is in agreement with our airflow results and 
discussions on Case B-DV2: the transport of formaldehyde from the right to the left is slowed 
down by the “firewall” (the broad rising airflow in the middle part of the room); large 
proportion of airflow containing formaldehyde will go to the middle part of the room first 
before travelling to other parts of the room; as the middle part of the room acts as a “transit” 
of formaldehyde transport, a high-concentration center is thus expected in this area.  
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Figure 6.7 Comparison of formaldehyde concentrations on the middle vertical plan (y=1.6m) 
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Figure 6.8 Comparison of formaldehyde concentrations on the breathing plan (z=1.15m) 
133 
 
 
 
 
The formaldehyde concentration field of Case C-DV2 on the middle vertical plan 
(y=1.60m) is shown by Figure 6.7(c). A high-concentration center exists in the left part of the 
room and has the same magnitude as that in Case A-DV2. However, formaldehyde disperses 
to a much larger area in Case C-DV2 than in Case A-DV2 and the low-concentration region 
near the ground has been significantly reduced. Such differences of formaldehyde distribution 
between Case C-DV2 and Case A-DV2 are in agreement with our airflow results and 
discussions on Case C-DV2 and Case A-DV2: unlike local eddies in the airflow field of Case 
A-DV2 which blowing the formaldehyde-containing air to the ceiling first, the broad 
downward airflow across the left part and the middle part of the room in Case C-DV2 blows 
formaldehyde to the lower part of the room, thus extends the dispersion of formaldehyde in 
the room. 
The formaldehyde concentration fields of three sample cases on the breathing plan 
(z=1.15m) are shown by Figure 6.8(a)~(c) respectively. By checking contour lines near the 
human’s nose, it can be seen that formaldehyde concentration in breathing zone is the highest 
in Case A-DV2 and the lowest in Case B-DV2. These findings prove our expectations at the 
end of airflow discussion section. It makes Layout B the best furniture layout to achieve 
optimal ventilation effectiveness under ventilation scheme DV2. 
 
 
6.3.4 Ventilation effectiveness of all twelve cases 
 
After three case studies on airflow, temperature and formaldehyde concentration 
fields in the above, it is time to discuss all twelve cases in terms of ventilation effectiveness. 
Based on average formaldehyde concentrations near the nose and at the outlet for each of the 
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twelve CFD simulation cases, corresponding ventilation effectiveness is calculated and 
displayed in Table 6.3. Graphical presentations of ventilation effectiveness of twelve cases 
are in Figure 6.9. 
 
Table 6.3 Ventilation effectiveness in twelve cases. 
Case Average VOC at outlet 
(kg / m
3
) 
Average VOC near nose 
(kg / m
3
) 
Ventilation 
effectiveness 
A-MV1 8.52E-08 9.97E-08 0.854 
A-MV2 8.75E-08 1.19E-07 0.736 
A-DV1 8.63E-08 6.33E-08 1.363 
A-DV2 8.79E-08 8.29E-08 1.061 
B-MV1 8.80E-08 7.63E-08 1.154 
B-MV2 8.61E-08 6.85E-08 1.258 
B-DV1 8.83E-08 5.02E-08 1.758 
B-DV2 8.36E-08 3.10E-08 2.698 
C-MV1 8.99E-08 6.70E-08 1.342 
C-MV2 8.83E-08 7.52E-08 1.173 
C-DV1 8.31E-08 5.33E-08 1.558 
C-DV2 8.67E-08 5.22E-08 1.661 
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Figure 6.9 Ventilation effectiveness of 12 cases grouped by ventilation scheme 
 
It can be found from Table 6.3 that the difference between the best and the worst 
ventilation effectiveness of twelve cases is quite significant. Case B-DV2 (the combination of 
Layout B and displacement ventilation No.2) achieves ventilation effectiveness of 2.689, 
which is almost 4 times of ventilation effectiveness of 0.736 in the Case A-MV2. For a given 
ventilation scheme, the difference between the best and the worst ventilation effectiveness is 
also remarkable. For example, ventilation effectiveness of 2.689 in Case B-DV2 is more than 
2.5 times as much as ventilation effectiveness of 1.061 in Case A-DV2. Such remarkable 
differences imply that it is quite necessary to investigate the effects of furniture layout on 
ventilation effectiveness and find an optimal furniture layout to achieve fresher air in 
breathing zone for office users when ventilation scheme is unchangeable. 
Figure 6.9 shows that Layout A achieves the worst (i.e. the lowest) ventilation 
effectiveness under all four ventilation schemes. The distance between the pollutant source 
(i.e. the bookshelf) and the occupant, which is the shortest in Layout A among three furniture 
layouts, may be an important reason. Another important reason may be the lack of buffering 
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mechanism in the airfield field to reduce the transport of formaldehyde from the bookshelf to 
the occupant. Examples of such buffering mechanism are given in airflow discussion section 
of this article. 
Figure 6.9 also shows that two displacement ventilation schemes (i.e. DV1 and DV2) 
achieve better ventilation effectiveness than two mixing ventilation schemes (i.e. MV1 and 
MV2) for all three furniture layouts in this study. In literature, many articles showed that 
displacement ventilation is better than mixing ventilation in terms of ventilation effectiveness 
(Lin et al., 2005; Zoon et al., 2011) while some others do not agree (Lin et al., 2006; Yi et al., 
2009). The results in this study seem to favour displacement ventilation scheme. 
In both Layout B and Layout C, the occupant is sitting far away from formaldehyde-
emitting bookshelf. However, if without relating to ventilation scheme, it is hard to decide 
which layout has the better ventilation effectiveness. Layout B performs better in ventilation 
scheme MV2, DV1 and DV2, but Layout C performs better in MV1. However, in terms of 
average or overall ventilation effectiveness under all ventilation schemes, Layout B seems to 
be the better layout than Layout C. The reasons may lie in the airflow fields. Referring to 
airflow and formaldehyde concentration analysis sections, the human model is generally 
sitting in the upstream with respect to the pollutant source in Layout B while sitting in the 
downstream in Layout C under ventilation scheme MV2, DV1 and DV2. Under ventilation 
scheme MV1, however, the relative positions of the occupant and the bookshelf in terms of 
upstream and downstream are not clear for both Layout B and Layout C because the inlet is 
located in the center of the ceiling (refer to MV1 in Figure 6.2). In short, it seems that better 
ventilation effectiveness may be achieved if occupant is sitting in the upstream in the airflow 
field with respect to the pollutant source. CFD simulation is a powerful means to discover 
relative positions of upstream and downstream through airflow analysis. 
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6.3.5 Future research 
 
There is only one contaminant in this study (formaldehyde, a kind of VOCs that 
affects indoor air quality) and only one contaminant source (the bookshelf). Therefore this 
CFD study is just a simple example about how furniture layout might significantly affect 
indoor air quality in breathing zone. In reality, however, there might be hundreds of VOCs 
and multiple contaminant sources in indoor environment. Future researches are needed to 
investigate this issue under much more complicated settings. No matter how complicated the 
setting is, the basic approach in this study is expected to be effective. 
 
 
 
6.4 Summarizing Remarks 
 
The above discussions on the results led to the following conclusions: 
 From the discussions about the airflow fields and the temperature fields of three 
example cases, it can be concluded that furniture layout is an important influential factor of 
indoor airflow field and temperature field. Changes in furniture layout will result in changes 
in airflow field and temperature field thus will cause changes in pollutant distribution field 
and ventilation effectiveness. The remarkable difference shown in Table 6.3 and Figure 6.9 
between the best and the worst ventilation effectiveness under a given ventilation scheme 
shows that the change in furniture layout might remarkably improve the quality of air in 
breathing zone even no change has been made in ventilation system; it justifies the necessity 
of this study. 
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 However furniture layout is not the only decisive factor of ventilation effectiveness; 
details in geometry and ventilation system must be taken into account. In order to achieve 
better ventilation effectiveness through arrangement of furniture layout, two principles may 
apply: (i) it is recommended to arrange the occupant’s sitting position far away from the 
pollutant source, and/or (ii) arrange the occupant’s sitting position in the upstream of the 
overall airflow field with respect to the pollutant source. Airflow field analysis by means of 
CFD simulation can help us identify the upstream location for occupant and the downstream 
position for the pollutant source in a certain room. 
 Although the advantage of displacement ventilation over mixing ventilation is still 
open for debate in literature, the results of this paper clearly favour displacement ventilation 
scheme in terms of ventilation effectiveness. It may be recommended that large office 
buildings should try their best to provide displacement ventilation scheme to room renters in 
order to give them more flexibility in arranging furniture while maintaining acceptable 
quality of air in breathing zone. 
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CHAPTER 7 
Numerical study on the effects of 
computer fan on indoor airflow and 
indoor air quality in breathing zone 
 
 
7.1 Introduction 
Computational fluid dynamics (CFD) simulation is an important approach to 
investigate indoor airflow, temperature and contaminant distribution, and an office room with 
computer sets is a very popular subject for CFD simulation in the literature. Many CFD 
simulations about office room have considered the existence of desktop computer, but this is 
usually simplified and included in the simulation as just a hot box (Abanto et al. 2004; Xing 
et al. 2001; Yang and Chen 2001; Lin et al. 2011). In CFD terminology, desktop computer in 
these simulation models is just a heat flux source. A real desktop computer, however, is not 
only a heat flux source but also a momentum source due to the running of computer case fan, 
which draws in cool air at the front and then drives the heated air out of the computer case at 
the rear, thus creating additional airflow in the office room. 
Some researchers pointed out that computer sets as well as monitors are major sources 
of volatile organic compounds (VOCs) in office rooms (Wensing et al. 2002; Funaki et al. 
2003; Berrios et al. 2005). Some other researchers applied CFD simulation to investigate the 
small-scale airflow and heat transfer around computer central processing unit (CPU) heat sink 
(Chang et al. 2000; Park et al. 2006). There are also research articles that have concerns about 
the noise of computer fans (Pastukhov and Maydanik 2007; Hodgson and Li 2006). However, 
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the effects of the small computer case fan upon the large-scale airflow field of the whole 
office room have been ignored for a long time in literature. 
The capacity of a computer case fan can be measured by cubic metres per hour 
(CMH), and is usually positively related to the size of the fan. Through online investigation 
on computer case fans of numerous brands and models of different manufacturers (Cooler 
Master Co. Ltd. 2013; Antec, Inc. 2013), it was found that the most popular sizes of computer 
case fans are 80 mm, 92 mm and 120 mm, with various airflow specifications ranging from 
as low as 34 CMH to more than 136 CMH. However, it can be summarized that the typical 
airflow rate is about 51 CMH for an 80-mm fan, about 68 CMH for a 92-mm fan and about 
102 CMH for a 120-mm fan. Such magnitudes of additional airflow rate driven by a 
computer case fan are quite significant. For example, a typical office room of 4m x 3m x 2.8 
m contains 33.6 cubic metres of air. A typical 80-mm fan can generate airflow of 51 cubic 
metres in 1 hour, which would be equivalent to 151.8% air change per hour (ACH) for such a 
room. According to the formula (8.5 CMH per person plus 1.1 CMH per square metre) in 
ASHRAE Standard 62.1-2010 for office space, and assuming one occupant in the 
aforementioned office room, the minimum requirement for outdoor refresh air was calculated 
to be 21.7 CMH or 64.6% ACH for such a room. Due to other considerations such as air 
conditioning requirements, however, some office rooms may apply higher ACH (200%-600% 
per hour). Anyway, the airflow rate driven by a small computer fan would already be in the 
same order of magnitude as ventilation rates of office rooms. Therefore, the airflow pattern 
and the contaminant distribution in an office room containing a running desktop would be 
expected to be significantly affected by the computer case fans. In order for the indoor air 
quality of an office room to be effectively characterized, the effects of computer case fans 
would need to be taken into account. Unfortunately, to the best of our knowledge, the 
research report about this issue is still absent from the open literature. 
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In this chapter, the roles of computer case fans in impacting indoor airflow field and 
contaminant distribution in an office environment were quantitatively investigated using 
CFD. An experimentally validated model had been applied to two scenarios (no fan vs. fan), 
and the obviously different results demonstrated that the computer case fans could play an 
important role in the indoor airflow field and contaminant distribution thus would have a 
significant impact upon the quality of inhaled air by human occupants. 
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7.2 CFD model 
 
In order to investigate the effects of computer fan, a CFD model of an office room 
with two occupants was built, as illustrated in Figure 7.1. 
The office room in this study was 4.0 m (L) x 4.0 m (W) x 2.8 m (H) in size, while the 
cabinet was 1.0 m (L) x 0.5 m (W) x 1.8 m (H) (Figure 7.1). The sedentary human model of 
the size of an adult man with nose height at 1.15 m and a shoulder width of 0.60 m was 
seating near a desk of 1.5 m (L) x 0.9 m (W) x 0.7 m (H) in size. Displacement ventilation 
scheme was applied to this room with an outlet in the ceiling near the rear wall and two inlets 
at the bottom corners of the front wall. The computer case was 0.40 m x 0.36 m x 0.10 m 
while the LCD screen was 0.55 m x 0.36 m x 0.03 m (Figure 7.2). A cylindrical momentum 
source of 0.09 m (D) x 0.20 m (L) was placed in the computer case to simulate the computer 
case fan that draws in air at the front and blows hot air out from the rear. For other 
dimensions of geometry, please refer to Figure 7.1. 
Simulations was run under two scenarios as shown in Figure 7.2: (1) computer as a 
“hot box” without a fan and (2) more realistic computer model with an operating fan, which 
are denoted in the following sections as “no-fan scenario” and “fan scenario”, respectively. 
Unstructured mesh was adopted in this study. Inflation layers (prisms) were generated 
around heat sources, while tetrahedrons fill out the room space. The total numbers of mesh 
elements were 1.8 million and 2.2 million for two scenarios, respectively (Figure 7.3). Mesh 
independence was checked and confirmed for the experiment (Figure 7.4). 
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Figure 7.1 Interior layout and configurations 
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Figure 7.2 Two scenarios regarding desktop computer fan 
 
 
Figure 7.3 Mesh of the model 
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Figure 7.4 Mesh independence check 
A cylindrical momentum source was used to model the computer cooling fan. The 
boundary condition of the cylindrical momentum source was set in such a way that ensures 
that the airflow through the computer case fan was equivalent to 51 CMH as a typical value 
for an 80 mm fan. 
The air was assumed to be ideal gas with buoyancy reference density of 1.185 kg/m
3
. 
Walls, ceiling and floor were all set at fixed temperature at 25°C. The air temperature from 
inlets was also 25°C with normal speed of 0.2 m/s, which was equivalent to 560% air change 
per hour for this model room. All heat sources and their heat loads are summarized in Table 
7.1. There were three contaminant sources considered in this study: Persons A, Person B and 
the cabinet. The sources are described as follows: 
Person A was emitting (E)-4-methylnon-3-enoic acid (labelled as Odour A 
hereinafter) from the chest area; Person B was emitting phenylacetic acid (labelled as Odour 
B hereinafter) from the chest area and finally, the cabinet was emitting formaldehyde. There 
are hundreds of different VOCs in body odour of human being, (E)-4-methylnon-3-enoic acid 
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and phenylacetic acid were chosen as the representative ones from the list of human-emitted 
VOCs (Natsch et al. 2003). Formaldehyde, Odour A and Odour B were set as additional 
variables (scalars) in ANSYS CFX-Pre with kinematic diffusivity of 1.9 x 10
-5
 m
2
/s, 6 x 10
-6
 
m
2
/s and 7 x 10
-6
 m
2
/s, respectively (Mirkhani et al. 2012).  The emission rates of Odour A 
and Odour B were all set as 5 x 10
-11
 kg/s by estimation from similar data reported in 
literature (Batterman and Peng 1995). 
 
Table 7.1 Heat sources in studied cases. 
Heat source Heat load(W) 
Human 
Computer without fan 
Computer plus fan 
Lights 
70 
180 
80 (PC) + 100 (fan zone)  
     
 
 
Different building/furniture materials could have different formaldehyde emission 
rates with order of magnitude ranging from 1.0×10-10 to 1.0×10-8 kg/(m2s) (Kim et al 2010). This 
study set 1.0 x 10
-9
kg/(m
2
s) as formaldehyde emission rate for the furniture cabinet, and total 
formaldehyde-emitting area was 3.2 m
2
. 
Due to very low concentrations of three VOCs in this study (i.e. formaldehyde, (E)-4-
methylnon-3-enoic acid and phenylacetic acid), the transport of VOCs was assumed to be 
controlled by the airflow, thus the existence of pollutants in the air would have no effect on 
the airflow field. The three VOCs were modelled by “additional variables” in ANSYS 13.0 
CFX and the transport equation for an additional variable. Formaldehyde VOC1 and VOC2 
are modelled by additional variables in ANSYS CFX and transport equation for additional 
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variable has been chosen (refer to Equation 3.10 in Chapter 3). The Re-Normalisation Group 
(RNG) k-ε model was selected as turbulence model by this study. 
The commercial program ANSYS CFX 13.0 was used to run CFD simulations for 
aforementioned two scenarios. For the solver control, residual target was set as 1E-4 and 
conservation targets for additional variables and heat energy were set as 0.01. At least 7000 
iterations were needed for each of these four cases in this study. 
Validation of CFD method has been done in Chapter 3. 
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7.3 Results and discussions 
 
7.3.1 Airflow fields 
This study has ran CFD simulations on the model office room under two scenarios, 
and results on airflow, temperature and VOC distribution fields have been obtained. Figure 
7.5 (a) shows the airflow field in 3D view of the “no-fan scenario” where the computers were 
modeled by a pure “hot box” of 180 W. Due to the buoyance effect, rising airflows can be 
identified above the hot computer boxes as well as two persons' heads. The maximum 
velocity of 0.67 m/s can be identified around hot computer boxes (Table 7.2). Except for at 
two inlets, no visible horizontal airflow can be identified in this 3D view. In comparison, 
Figure 7.5 (b) shows the airflow field in 3D view of the “fan scenario” where the computers 
were modeled by a “hot box + fan”, where the heat load of external parts of computer was 80 
W and the heat load inside fan tunnel was 100 W. In addition to rising airflows above hot 
computers and persons' heads, two strong horizontal airflows can be seen with a maximum 
velocity of 2.90 m/s (Table 7.2), which is more than four times greater than the maximum 
velocity in the first scenario. The obvious differences between Figure 7.5(a) and (b) clearly 
show that computer fan does have significant impact upon airflow field. 
The velocity vector fields at the height of 1.10 m (height of the breathing zone) are 
plotted in Figure 7.6. In the 'no-fan scenario' in Figure 7.6 (a), there was a clockwise eddy 
around Person A while an approximate anti-clockwise eddy was around Person B. There was 
no direct airflow between these two persons. Such airflow pattern would reduce the chance of 
an office worker being exposed to another person's odour. Airflow on the west side of the 
room (refer to Figure 7.1 for direction) seems to blow formaldehyde from the cabinet to 
Person B along the west wall. In the 'fan scenario' in Figure 7.6 (b), there was a large-scale 
clockwise airflow pattern in the whole room: air was flowing toward Person A in the east side 
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of the room, then flowing from Person A to Person B in the south side and finally flowing 
from Person B to the cabinet along the west wall. There were small-scale eddies near two 
computers and the cabinet, but they would not change the overall pattern mentioned above. 
Compared with airflow pattern in the 'no-fan scenario' in Figure 7.6 (a), the airflow pattern of 
the 'fan scenario' in Figure 7.6 (b) would increase Person B's exposure to Odour A, and 
increase Person A's exposure to formaldehyde, but may reduce Person B's exposure to 
formaldehyde. Detailed concentration results are presented in Table 7.3 and are discussed in 
the following section. In summary, computer fan has the ability to change the overall airflow 
pattern of the room, thus may significantly change contaminant transport and distribution. 
 
 
Table 7.2 Comparison of the parameters between two scenarios. 
 No fan With fan 
Ave. velocity in the room ( m/s ) 0.082 0.095 
Max. velocity in the room ( m/s ) 0.67 2.90 
Average room temperature (˚C) 27.8 28.2 
Head temperature of Person A (˚C) 30.9 33.6 
Head temperature of Person B (˚C) 31.6 33.7 
Contaminant removal effectiveness for Odor A 1.68 1.48 
Contaminant removal effectiveness for Odor B 1.54 1.62 
Contaminant removal effectiveness for 
formaldehyde 
1.98 2.11 
 
150 
 
 
 
 
Figure 7.5 Comparison of airflow fields of the two scenarios (3D view) 
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Figure 7.6 Comparison of airflow fields of two scenarios on breathing plane (z = 1.10 m). 
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7.3.2 Temperature fields 
To investigate and compare temperature fields of the two scenarios, this study 
selected two typical sample planes: the horizontal plane cutting through the computer fan (z = 
0.75 m) and the vertical plane in the middle of the room (x = 2.00 m). 
 
Figure 7.7 Comparison of temperature fields of the two scenarios within computer 
  case plane (z = 0.75 m) 
 
153 
 
 
 
 
Figure 7.8 Comparison of temperature fields of two scenarios within middle vertical plane 
(x = 2.00 m). 
 
Figure 7.7(a) and (b) show temperature fields of the two scenarios on the horizontal 
plane (z = 0.75 m). Two hot stripes in the rear of two computers in Figure 7.7(b) represent 
hot airflows being blown out of computer fans; as hot air was blown horizontally to this level 
of the room, the higher temperature area in Figure 7.7(b) was larger than that in Figure 7.7(a). 
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This is consistent with vertical distribution of temperature fields shown in Figure 7.8, which 
clearly shows that hot region would move downward in the second scenarios where computer 
fan was running. 
Further analysis shows that the average temperature of the whole room would 
increase from 27.8°C in 'no-fan scenario' to 28.2°C in 'fan scenario' (Table 7.2). Much larger 
differences in temperature, over 2°C, were found on the surfaces of two persons' heads (Table 
7.2). The higher air temperature around two persons' head in 'fan scenario' would require 
higher head skin temperature to dispatch heat flux. 
In summary, the computer case fan has the ability to make change on temperature 
field by blowing more heat into the lower level of the room and would make the room 
warmer than in 'no-fan scenario' in terms of average temperature of the whole room. 
 
 
7.3.3 VOC distributions 
 
This study has a particular focus on VOC concentrations in the two occupants' 
breathing zones, and VOC concentrations under the two scenarios in these zones are 
compared for discussion. The breathing zone of Person A or Person B in this study is defined 
by a spherical volume beneath the person's nose, with a radius of 0.1 m. For reference 
purpose, VOC concentrations at the ventilation outlet of the room would be calculated, which 
was expected to be approximately the same in two scenarios due to the principle of mass 
conservation. 
Concentrations of Odour A, Odour B and formaldehyde at different locations under 
the two scenarios are shown in Table 7.3. Due to the existence of the computer fan, Person 
B's exposure to Odour A was increased by more than 300% (from 0.42 x 10
-8
 to 1.79 x 10
-8
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kg/m
3
). Such significant change is presented in Figure 7.9(a) and (b), where Odour A was 
directly blown towards Person B due to the changed airflow pattern generated by the 
computer fans (Figure 7.6). 
 
Figure 7.9 Comparison of Odour A concentration of two scenarios (3D view). 
 
Person A's exposure to his own odour (i.e. Odour A) was increased by more than 
200% (from 1.231 x 10
-7
 to 3.948 x 10
-7
 kg/m
3
). This can be explained by carefully 
examining Figure 7.6: the clockwise eddy surrounding Person A in 'no-fan scenario' would 
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tend to blow Odour A away from Person A, thus reducing the concentration of Odour A in 
Person A's breathing area, while the strong airflow blown towards Person A in the east side 
of the room in 'fan scenario' would tend to drive Odour A close to Person A's body, thus 
increasing Person A's exposure to his own odour. For similar reason, Person B's exposure to 
his own odour (i.e. Odour B) was doubled (from 3.663 x 10
-7
 to 7.770 x 10
-7
 kg/m
3
) due to 
the changed airflow pattern near Person B. Moreover, by examining velocity vectors in 
Figure 7.6(a), there was no direct airflow from Person B to Person A. By examining velocity 
vectors in Figure 7.6(b), however, an airflow route could be found from Person B to the west 
wall, to the middle of the room and then to Person A. Such difference between Figure 7.6(a) 
and (b) would explain why Person A's exposure to Odour B was almost doubled (from 0.574 
x 10
-8
 to 1.092 x 10
-8
 kg/m
3
). All of above analysis are consistent with information given in 
Figures 7.10 and 7.11, which show concentration contours of Odour A and Odour B within 
breathing plane (z =1.1 m) under two scenarios. 
 
Table 7.3 Concentrations of Odour A, Odour B and formaldehyde at different locations 
under the two scenarios. 
Location 
Odor A (10
-8
 kg/m
3
) Odor B (10
-8
 kg/m
3
) Formaldehyde (10
-8
 kg/m
3
) 
No fan With fan No fan With fan No fan With fan 
Person A’s 
breathing 
zone 
12.31 39.48 0.57 1.09 0.45 2.01 
Person B’s 
breathing 
zone 
0.42 1.79 34.63 77.70 1.85 1.44 
Outlet 7.10 7.02 7.07 7.02 4.56 4.64 
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Figure 7.10 Comparison of Odour A concentration within breathing plane (z =1.1 m) 
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Figure 7.11 Comparison of Odour B concentration within breathing plane (z = 1.1 m). 
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Person A's exposure to formaldehyde in 'fan scenario' was increased by more than 
340% compared with that in 'no-fan scenario (from 0.45 x 10
-8
 to 2.01 x 10
-8
 kg/m
3
), while 
Person B's exposure to formaldehyde was decreased a little due to the existence of a fan 
(from 1.85 x 10
-8
 to 1.44 x 10
-8
 kg/m
3
). These phenomena can also be explained by Figure 
7.6. The airflow discussions in previous section has pointed out that there was an overall 
clockwise circular airflow pattern in the room under 'fan scenario' (Figure 7.6(b)), which 
would reduce the chance of formaldehyde being transmitted to Person B but increase the 
chance of formaldehyde being transmitted to Person A. The simulations thus illustrate the 
following finding: Person B sitting closer to the cabinet than Person A, but would receive less 
formaldehyde exposure (1.44 x 10
-8
kg/m
3
) than that of Person A (2.01 x 10
-8
kg/m
3
). 
Computer case fans could have played an important role in causing such a phenomenon. The 
analysis here is consistent with information given in Figure 7.12, which shows formaldehyde 
concentration contours within breathing plane (z =1.1 m) under two scenarios. 
 
 
7.3.4 Contaminant removal effectiveness 
 
Contaminant removal effectiveness is a useful measurement on the effectiveness of 
ventilation scheme in terms of average contaminant concentration (Villafruela et al. 2013), 
and is defined by the following equation: 
   
    
    
                                      
where      is the contaminant concentration at outlet and      is the average contaminant 
concentration in the room. By intuition, people may think that contaminant removal effectiveness may 
decrease due to increased mixing of air by the additional airflow from the computer case fan. 
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However, data in Table 7.2 shows that such intuition is wrong. Although contaminant removal 
effectiveness for Odour A would be reduced in ‘fan scenario,’ contaminant removal effectiveness for 
both Odour B and formaldehyde would actually be improved in the ‘fan scenario.’ The reason behind 
these phenomena could be that the changed airflow pattern in the room may accelerate removal of 
some VOCs. 
 
Figure 7.12 Comparison of formaldehyde concentration within breathing plane (z = 1.1 m) 
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7.3.5 Future study 
 
Due to the interior layout of this study, the airflows of the computer fans were 
blowing into empty zone. In many offices, however, computers are put beside the wall and 
the airflows of computer fan would be blowing onto the wall. How and to what extent would 
computer fan change the airflow field, temperature field and VOCs distribution in these 
scenarios? 
Although desktops are still the main stream computer sets in office environment, 
more and more people are using laptops to replace their desktops in office. The airflow 
capacity of a laptop fan (usually below 15 cubic metres per hour) is much smaller than that of 
desktop fans; moreover, a laptop computer fan is usually running discontinuously. How and 
to what extent would a laptop computer fan change the airflow field, temperature field and 
VOCs distribution in an office room? 
The above questions are worthy of future study. 
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7.4 Summarizing Remarks 
 
Comparisons of CFD results of the two scenarios (i.e. ‘no-fan scenario’ and ‘fan 
scenario’) have proved that a running computer case fan would not only be an important 
driving force in indoor airflow field but also an influential factor in temperature distribution. 
Changes in airflow field and temperature field due to the running of computer case fan would 
consequently change the transport and diffusion pattern of VOCs. The resulting changes in 
VOC distribution may be quite significant such as: 
1. The percentage change of a certain VOC concentration in breathing zone could be 
greater than 300%; 
2. Due to the running of computer fan, VOC concentration around a person who is 
sitting closer to the VOC source could be lower than the VOC concentration around 
the person who is sitting far away from the VOC source; 
3. The running of computer fan might not necessarily increase the mixing of air and 
reduce contaminant removal effectiveness; instead, some contaminants might be 
removed quicker after the computer fan is turned on. 
 
Therefore, for the purpose of accuracy in simulation and assessment of indoor air 
quality in breathing zone, the computer case fan would need to be considered in CFD 
simulations of office rooms.  
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CHAPTER 8 
Conclusions and future plan 
 
 
Amongst various types of airborne contaminants in indoor environment, gaseous 
contaminants are of the most common type. During the past decades, numerous researches on 
this issue have been published in literature, and standards such as ASHRAE Standard 62-1 
have been made. It can be said that this research area has been well investigated. However, 
there are still some unchartered waters that need to be explored. 
Firstly, this thesis has investigated the role of diffusion of gaseous contaminants in 
indoor environment from both theoretical (for 1-D situation) and numerical (for 3-D 
situation) approaches in Chapter 4. It has been found that, in a normal room with some 
ventilation (even at a very small magnitude), the convection is so dominant that there is no 
need to consider different diffusivities of different gases in CFD simulations. Any gaseous 
contaminant in ventilated indoor environment can be treated the same way by assigning a 
nominal diffusivity such as 10
-5
 m
2
/s without significantly affecting the accuracy of CFD 
simulations, particularly at steady state. This finding has practical value in simplifying CFD 
simulations because the number of gaseous contaminants in indoor environment is so large 
(several hundreds).  
Secondly, this thesis has deduced a theoretical formula in Chapter 5 to describe the 
accumulation process of gaseous contaminants in ventilated indoor environment. By 
introducing ventilation effectiveness into traditional mixing problems, this formula does not 
rely on “instant mixing” assumption thus better fit the actual situation. The accuracy of this 
formula has been supported by CFD simulations. Based on this formula, an energy saving 
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strategy has been proposed for short occupied rooms. According to calculations of particle 
examples in this study, the best/minimal ventilation rate could be adjusted to a significantly 
lower level than the standard rate for some short occupied rooms without compromising on 
the indoor air quality. As the by-products of CFD simulations, this thesis also shows that 
ventilation effectiveness in an indoor space of fixed geometry is not a fixed value; it is 
affected by location of contaminant source, elapsed time and ventilation rate (or air change 
per hour). However, ventilation effectiveness is not affected by the type of gaseous 
contaminant in a normally ventilated room; this point echoes findings in Chapter 4. 
Thirdly, as most leasees of office buildings have no right to make change on 
ventilation system (e.g. positions of inlet and outlet), changing interior layout becomes a 
possible way to improve air quality in breathing room. This thesis has addressed this issue. 
By running CFD simulations in a simple office room, this thesis shows that changes in 
furniture/interior layout would result in changes in airflow field and temperature field thus 
would cause significant changes in pollutant distribution field and ventilation effectiveness. 
The adjustment in furniture layout might remarkably improve the quality of air in breathing 
zone even though no change has been made in ventilation system; it justifies the necessity of 
this study. CFD simulation can be a power tool to help office leasees find better furniture 
layout in terms air quality in breathing zone. 
Finally, this thesis has investigated the effects of computer fan (interior momentum 
source) on indoor airflow and indoor air quality in breathing zone. This thesis had 
demonstrated that small computer fans could significantly alter the airflow, temperature and 
contaminant distributions in a ventilated room therefore should be taken into account in CFD 
simulations about indoor air quality problems. 
The following topics will be considered for future study: 
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1) The findings about the role of diffusivity of gaseous contaminants in indoor 
environment in Chapter 4 would be more convincing if there are direct supporting 
experimental data. Experiment is planned in the future. Moreover, because the order 
of turbulent diffusion is much larger than kinematic diffusivity of pollutant, the 
impact of turbulent Schmidt number on concentration distribution is needed to be 
investigated in the future. 
2) In CFD models of this thesis, energy from lights was treated as convective 
heat because the radiation part was regarded as very small. However, these models 
can be improved by taking radiation into account. This is one of my future plan. 
3) The energy saving strategy in Chapter 5 was proposed with reference to 
ASHRAE Standard 62-1. However, there are many such kind of standards in different 
countries or regions in the world. A more comprehensive strategy need to be worked 
out in the future to cater for different standards. 
4) Although desktops are still the main stream computer sets in office 
environment, more and more people are using laptops to replace their desktops in 
office. The airflow capacity of a laptop fan (usually below 15 cubic metres per hour) 
is much smaller than that of desktop fans; moreover, a laptop computer fan is usually 
running discontinuously. How and to what extent would a laptop computer fan change 
the airflow field, temperature field and VOCs distribution in an office room? This 
question is worthy of future study. 
5) Humidity has not been considered in my models; however, I would like to take 
it into account in my future research.  
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